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ANNOTATION 

In this book are  presented experimental studies embracing an integrated 
group of problems pertaining to the propagation of shock waves in reactfng 
media. It describes experimental techniques, presents an analysis of the 
features of a real gas flowing in a shock tube. Results are presented of ex- 
periments in the study of propagation of small disturbances in a reacting gas, 
of normal and Mach reflection of shock and detonation waves and of the foni- 
zatlon structure of shock waves. 

The book should be of interest to scientiets and engineers working in 
fields related to supersonic flow of high-temperature gases. 

A. S. Predvoditelev, Corresponding Member of the Academy of Sciences 
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FROM THE EDITOR 

In his timeless book: Rules for the #rection of the mind, Descartes 
has made a statement whlc% bears repeating. It can be paraphrased to state: 
if one wants to understand a problem well, the latter should be freed of all the 
redundant concepts, reduced to simple elements and be broken up into some 
number of possible parts by means of enumeration. 

However, when performing this logical operation one should remember that 
we must encounter in the process the following logical stages. Firstly, the prob- 
lem should contain some U R ~ O W I I ,  since otherwise it is useless; secondly, this 
unknown should be noted by something, otherwise it will never be subjected to 
study; thirdly, the problem should be noted also by some known feature. In 
addition, it should be complete, i. e., should not contain indeterminacies which 
may steer the investigator to the study of matters which cannot be determined 
from the given concept. 

On the other hand, the component parts of any study consist either in 
establishing some matter on the basis of logical prerequisites, or in establishing 
a cause on the basis of its results. Further, all these operatiions are performed 
by means of the language. It becomes clear from this that the use of language 
is of great importance in formulating truths which are discovered. 

This last aspect of this train of thought was noted in particular by the known 
Italian geometrician F. Enriques in his work Troblems of Science. 'l His 
approach is along the following lines: it should be noted that the language, which 
serves for expressing our thoughts, is a system of symbolic designation of a 
given item. The use of this powerful tool involves serious dangers. In a system 
of logical constructions which sometime contain a large group of facts and items 
it is easy to forget the significance of words which include a large volume of 
concepts. Thus, in order not to get lost in senseless word constructions, one 
should always be guided by the condition that the cognitive opinion always con- 
tains a comparison of juxtaposition of claims and counterclaims. 

All this above discussion was presented to draw attention to the fact that 
the term "plasma" which is used in modern scientific literature does not con- 
tain precisely defined concepts. Hence the problem should be raised on the 
concepts which should properly be thought as contained in this word. 

First of all, the use of the term "plasma" in our cognizance suggest some- 
thing which has the properties of a continuum. In conjunction with this one may 
raise the question of whether a gas may have states such in which concepts of 
discontinuum and continuum exist side by side. 

As is known, each gas molecule occupies a very small space in which 
positive and negative charges a re  arranged in a given pattern. Consequently, 
this is a defined electrodynamic formation. When these formations are brought 
sufficiently close [ a s  is the case] in a highly compressed gas, there is pro- 
duced an internal electromagnetic field, more precisely, electrothermal since 
the gas molecules are  aubjected to thermal motion. The field of pondemmotive 
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forces of internal electromagnetic energy of the gas is approximated by modern 
science by a finite, and sometimes also by an infinite sum of central forces. 
These forces are conventionally called van-der-Waals forces. As to a concrete 
idea about the character of the thermal motion of molecules in such gaseous 
systems, i t  is described by starting assumptions on which various authors base 
the distribution functions by their statistical attributes and ascribe a kinematic 
state and a position in space to molecules which determine them. As is easy 
to see, this description of a gaseous system contains the concept of collective 
existence of molecules. This raises the question whether it is possible to re- 
gard this state of a gas of a 'plasma state. t )  From the point of view of i ts  
etymology, the answer is yes. 

Let us now pass to such a rarefied gas when the internal electromagnetic 
energy in the system a s  a whole is close to zero and manifests itself only on 
approach of molecules in the form of interaction potentials. A s  an example of 
such a gaseous system we can use  a system of material points moving according 
to laws of mechanics without initial conditions. A s  is known, the statistical 
attributes of such a system are  governed by the normal Laplace-Gauss distri- 
bution. These systems have no elements of collective interaction and, conse- 
quently, there willexist a field of ponderomotive forces which can be approxi- 
mated by summations of central forces. However, this field cannot seriously 
disturb the character of the thermzl motion of molecules, i.e., the statistical 
attributes of the system will, as before, obey the Laplace-Gauss normal distri- 
bution. 

Can such a gas be called plasma within the rigorous etymological context of 
the word? Of course, not. 

It is well known that by increasing the temperature of a gas i t  is possible to 
attain such a state in which its internal electromagnetic field will be so  appreci- 
able, that the motion of individual electrodynamic patterns of the system will 
be nonholonomic and, consequently, the assumptions on which the normal disfri- 
bution functions a re  based wil l  no longer be satisfied. And this means that the 
behavior of the thermal motion in such system will not be similar to that of 
thermal motion in ordinary o r  weakly-ionized gases. A s  a specimen of sorts 
of such motions we can use the thermal motion in an electron gas, whose theory 
was  given by A. A. Vlasov. 

It is precisely these states of a gas which were labeled as plasma states by 
J. J. Thomson and Rayleigh. 
that it is not permissible to combine all the states of an ionized gas under the 
common label of "plasma. I t  It is known from as  early as  Aristotle's time that 
an inappropriate extension of a concept makes the latter indeterminate and 
serves a s  a source for accumulation of indefinite opinions which detour the study 
from the proper track. 

The above deliberation, in our opinion, shows 

If we conform to the interpretation of the term "plasma" as defined by 
Thomson and Rayleigh, then we naturally arrive at ideas which determine the 
ways of theoretical and experimental studies of plasma properties. 
of the problem reduces to finding methods for describing the thermal state of 
such a medium. H e r e  none of the available statistical methods a re  suitable, 

The theory 
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since by i ts  very nature the system is nonholoqomic. An a priori creation of 
methods for describing thermal motion in plasmas is a quite difficult task and 
i t  is doubtful whether it will be resolved in the near future. The construction 
of thermodynamics and of the theory of visible plasma flows depends on ita 
s ol ution . 

From our point of view it is easier to solve this problem a posteriori by 
study of the properties of ionized gas and then transforming the latter into the 
plasma state. The most promising approach with this respect is study of 
variations in the dispersion constants of the longwave part of the optical spec- 
trum of monatomic gases as they approach the plasma state. In fact, if we 
construct a theory of the dispersion of light in an ionized gas on the basis of 
macroscopic Maxwell's equations, then the transition from the simple statistical 
state of the gas to its plasma state should have a pronounced effect on the cal- 
culation of the integral complex value of the refractive index. Due to the col- 
lective interactions prevailing in the plasma state, the thermal motion in a gas 
should exhibit wave properties. 
optical wave with the internal waves can result in modulatiw effects which are 
similar to the Mandel'shtamm-Brillouin effect which is observed in liquids. 

Hence the interaction between an external 

The wave behavior of the thermal motion in the plasma state of a gas is 
due primarily to the circumstance that only this type of motion together with 
cyclical motions permits disregard of the initial state of the system. And the 
latter is necessary in order that the internal motions in the gas agree with the 
principles of thermodynamics. 

Plasma asdefined by Thomson and Rayleigh should, in addition, have still 
another specific property, i. e., electromagnetic emission, similar to those which 
a re  received by radio-telescopes from outer space o r  from the am. It is at 
present difficult to say in which frequency region will the maximum of this 
radiation lie. It is quite probable that the local excess density of the charge 
will vary according to the laws of nonlinear vibrations. And this will suggest 
a discrete spectrum, with a still unknown amplitude distribution. It would 
appear that the resolution of this question is contingent only on a properly set 
up experiment. 

Passing on from monatomic to multiatomic gases, one can claim with a 
high degree of justification that plasma state of a gas will most probably be 
established after dissociation will take place. EWt the latter process cannot 
take place indeterminately, i. e. , without the effect of factors which lead the 
system to its final plasma- state. Hence the study of thermal dissociation 
of gases appears, in view of the above considerations, to be a quite important 
problem. 

Study of plasma state on mixing of different gases is an even more difficult 
problem primarily since new formations of matter may occur in gases in tbq 
process of reaching the plasma state. These formations as such also have a 
tremendous scientific and practical significance. Here we should make a 
distinction between two trends, depending on the energy sources used for 
maintaining the process of the conversion of the substance. It ispossible, for 
example to use thermal and electrical sources of energy, the latter source 
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being more economical. 
of physical chemistry, i. e. , electrochemistry of gases. 

This served as the cause foi. setting up a neu. branch 

Scientific development does not always proceed along a logical path 
of concept development. 
national culture, for which reason i t  cannot exist unless related n.ith soc id  and 
economic problems . 

Science is one of the links in a chain nhich characterize 

The development of nuclear power generation and missile technolos has 
faced science with the problem of study of ionized gas and gas in the plasma 
state. The present book concmns itself precisely with this major problem. 
It presents studies n.hich were performed starting with 1953 by workers of 
the Power Engineering Instituce of the USSR Academy of Sciences under the 
leadership of this writer. The work which was done solves only a small aspect 
of the problem, i. e. , we have studied the behavior of gas only under conditions 
of gas dynamic flows, where shock discontinuities increase the temperature of 
the gas only to low thermal ionization. In this case resort can be had to classical 
methods of statistical physics. 

A s  was stated above, the character of thermal motion in plasma should be- 
come different than in nonplasma gas and this requires a radical supplementation 
of the basic assumptions of gas dynamics. 

The formation and behavior of shock discontinuities in plasma should be 
governed by different laws. 
these changes. Consequently, this again shows the need tor setting up properly 
thought out experiments. 

rt is difficult to predict a priori the character of 

The authors hope that the present book will make a contribution tou.ard the 
solution of the problem at hanh. 
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INTRODUCTION 

Shock waves a re  ope of the most interesting natural phenomena. From the 
time that their existence was predicted theoretically more than hundred years 
ago by Riemann, Rankine and Hugoniot, the theory of shock waves was based 
primarily on the gasdynamics of an ideal gas, in which no chemical transform- 
ations take place. The only exception was the theory of detonatton, which takes 
into account the instantaneous generation of heat across a shock wave front as  
a result of a chemical reaction. 

In considering the properties of strong shock waves consideration should al- 
ways be given to the real properties of the gas, since the temperature increase 
taking place behind a qhock wave produces physicochemical transformations, i. e., 
excitation of internal degrees of freedom and ionization, in the flow behind the 
wave. 

The relationship between the composition of a gas and its variables (tem- 
perature and pressure) on equilibrium is determined by known thermodynamic 
laws. Equilibrium in a reacting medium ensues when the rates of disintegration 
processes (dissociation and ionization) are  equal to the rate of recombination 
processes which take place simultaneously. Detailed tables of the compoaftion 
and parameters of air ,  carbon dioxide and nitrogen behind shock waves have 
been calculated for these conditions in a wide range of pressures at temperatures 
of up to 20,000"K 11-41. The state of equilibrium is established behind a shock 
wave at a finite distance from the front, for which reason a certain time, known 
as the relaxation time, is needed for the equilibrium to come into effect. The 
flow behind a shock wave in the nonequilibrium region has different properties, 
i. e. , the degree of dissociation and ionization increases in this region from 
zero across the front to the equilibrium value, and this is accompanied by a 
sevkral-thousand degfee drop in the gas temperature, since the kinetic energy 
of the gas molecules is used up for exciting internal degrees of freedom. The 
fact that the gas behind a shock wave is not in equilibrium affects the shape of 
the shock wave which is produced at bodies in supersonic flow, tbe distance 
between the front and the body, the interaction between shock waves and the 
structure of the supersonic flow. 

The rate at which equilibrium values of variables behind a shock wave a re  
established can be calculated if the rate constants of all the elementary proweraerr 
taking place in the gas a re  known. However, these constants can at present be 
calculated only for individual reactions [ 51 , at the time when heating of each 
gas is accompanied by tens of different reactions. Consequently, experimena 
studies must be made of the formation of shock waves and the properties of 
flow in the nonequilibrium region behind shock wave muat be determined in order 
to obtain information on the rates of physicochemical transformations. 

During the last  few years a large volume of work was performed in the 
USSR and Western countries in the theoretical and experimental sfxidies and fn 
publication of correlating monographs on nonequilibrium processes behind 
shock waves [5-7, 11, 31, 32, 441. Primary attention fn these studies was 
given to consideration of the kinetics of elementary processes Eaking place be- 
hind shock waves and to determination of the structures of shock wavee with 
consideration of physicochemical transformations. 
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Extreme difficulties are  encountered in giving a rigorous description of 
various kinds of flows of a relaxing gas, for which reason extensive effort is 
exerted in the USSR and abroad in solving this problem. 
for flow of a i r  about a blunt body 
air 101 , a blunt body in an equilibrium hypersonic flow [ 121 , a cone and a 
wedge in a flow with relaxation [ 13, 141, Prandtl-Meyer flow with rotational 
relaxation [151 , structure of centered rarefaction wave [16, 171 and nonsteady- 
state propagation of a shock wave in a gas undergoing relaxation [ 181, flow of 
gas undergoing relaxation in nozzles [ 19, 201 , and the structure of a one- 
dimensional detonation wave [ 33, 34 1. 

Problems mere solved 
8, 91 , the structure of normal shock wave in 

Experimental studies on physical gasdynamics proceed primarily by way of 
measuring a given variable behind a normal shock in a gas undergoing relaxation 
[21-231 and by studying the flow of a gas undergoing relaxation in a nozzle [ 26, 
271. The variables measured include the time of relaxation for the dissociation 
of oxygen and air 124, 251, and of vibration of nitrogen, oxygen and carbon 
dioxide molecules, of certain kinds of vibrations of carbon dioxide molecules, 
the ionization time of argon and air  [29, 51, a s  well as the relaxation time for 
oxidation of hydrogen [30, 311 and acetylene 1321 behind a detonation wave. 

Some experimental data is available on the mechanism of propagation of 
weak disturbances in a relaxing gas with a high-frequency (frozen) speed of 
sound [281. 

Modern technology encounters a number of phenomena in which flow of gas 
undergoing relaxation and formation of strong shock waves take place. Among 
these we may count, for e.xample, the high-temperature gas jet in MHD gene- 
rators [35, 361 , the jet of products of combustion ejected by jet engines into 
the atmosphere o r  the air-less space [371, the layer of high-temperature gas 
which is produced behind the shock wave originating on reentry of space vehicles 
into the denser atmospheric layers of the earth and other planets [38, 39) inter- 
action between shock waves and obstacles on explosions, propagation of deto- 
nation in shafts, etc. 

The effect exerted by the nonequilibrium of physicochemical processes on 
the flow variables turns out to be quite appreciable in a number of cases. 
When plasma flows in the duct of a MHD generator, the conductivity of the 
thermally ionized gas depends on the rate of recombination of electrons with 
ions, which takes place a s  the gas continues to expand in the nozzle [ - I O ] .  When 
a certain relationship is reached between the rate of expansion and the rate of 
recombination, the latter process may either partially o r  completely cease and 
the electron concentration in the flow will be appreciably higher than that on 
equilibrium 1411. 

in changing the ratio of specific heats ?' = 2, which affects the relationship 
governing the expansion of the gas 37 1. 

The nonequilibrium excitation of vibrations in a gas results 

The final rate of dissociation and excitation of vibrations of the molecules 
of the gas flowing at supersonic speed past a body can result in increasing the 
gas temperature at the surface of the body situated behind a detached shock 
wave as compared with the equilibrium values calculated upon consideration of 
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energy losses for dissociation and excitation of vibrations [431. 
formations which arise when bodies move in the atmosphere at h 
speeds affect the radio communications with these bodies f38, 4 8 .  The con- 
centration of free eleatrons in plasma formations depends on the relaxation of 
the process of thermal ionization of gases a t  high temperatures, which takes 
place behind the shock wave. 

Plasma 
ersonic 

On interaction of strong shock waves with obstacles there arise complex 
flows whose structure depends on the rate of the physicochemical processes 
[at  hand]. 

The study of formation and propagation of shock waves in a real gas pro- 
vides a goodly amount of information for constructing a theory of wave pro- 
cesses in a chemically reacting medium. Consideration of these processes by 
the method of discontinuities makes i t  possible to provide a uniform description 
of front phenomena of different character. These ideas, which were developed 
by A. S. Predvoditelev, served as the basis for setting up experimental studiea 
of the propagation of detonation and shock waves and flows behind shock wave8 
in real gases, which a re  capable of exothermic and endothermic reactions. 
These studies were performed in shock and detonation tubes. 

An itemof particular importance in the formation and propagation of 
shock waves in a shock tube is the fact these processes result from the super- 
position of acoustic waves with infinitesimal amplitudes. From this point of 
view the motion of a gas which is produced behind a shock wave is,  by its 
nature, nonsteady even when the shack wave moves at constant velocity, since, 
as the shock wave moves the motion embraces increasingly new layers of the 
gas. The gas flow behind a shock wave has a peculiar structure in which 
regions situated at  different distances from the shock fronts participate in the 
motion during different time periods. This feature introduces a variation of 
a kind into the flow of a real gas behind a shock wave in a shock tube. 

In shock waves propagating ahead of a flame front in tubes o r  ahead of 
the contact surface after breaking the shock-tube diaphragm the determination 
of flow variables behind a shock wave depends appreciably on the conditions at 
the contact surface and across the shock front. In this sense the shock wave 
and the flame front, as well as  the shock wave and the contact surface, make 
up a single entity. A change of state at  one of the boundaries reuults in re- 
construction of the entire flow and affects the state at  the other boundary. A 
change in boundary conditions may be brought about by variations in the geo- 
metry of the duct in which the shock wave propagates, changes in the variables 
of the medium when the wave passes the boundary between two media, changes 
in the state of the gas due to dissociation or  exothermal reactions. In red 
gases these phenomena are  complicated by the presence of various kinds of 
losses which ar ise  on interaction between the flow ahd the shock tube walls. 
All these phenomena cannot be completely predicted theoretically and require 
an experimental study. 

variables we have used a methodical approach which consisted in calculating 
the relationship between the gas variables on various assumptions regarding 

In the study of molecular processes in gases and of their effect on the flow 
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the molecular state. In the region of variables where the effect of physical 
processes on this relationship is quite appreciable, the relationship between 
the flow variables were determined experimentally, 
compared with theoretical res i l ts  and this produced a picture of the state of the 
gas molecules under the given conditions. 

Experimental data ~i ere 

When proceeding in the above manner, we have first checked the accuracy %ith 
n.hich the relationship between the gas variables behind a normal shock, deriired 
on the basis of the laws of conservation on the assumption of a one-dimensional 
and steady-state flow, i s  applicable to a real flow of gas behind a shock nave in 
a shock tube, 
in gases the molecular state of which is known and we have established the scale 
and character of deviations from ideal for a flow in a shock tube. 
these experiments were considered when analyzing the results of e-uperiments in 
a reacting gas. 

For this purpose we have measured variables behind a shock iiave 

Results of 

Studies were made of certain gasdynamic processes under conditions u hen 
equilibrium state of the gas is reached during a finite time period. 
have studied characteristic and at  the same time relatively simple gasdynamic 
processes, i. e. , nonsteady propagation of a reflected shock wave in a gas under- 
going relaxation and the propagation of small disturbances in a supersonic flou , 
Analysis of these processes has enabled us to obtain data on the relaxation times 
for dissociation and vibrations of carbon dioside and its mixtures with nitrogen 
at temperatures of 2500- G I N ~ I I  I- and on the structure of a small disturbance in 
a gas undergoing relaxation. 

For this n e  

The data obtained on the effect of physicochemical transformation on the tior- 
mal reflection of a shock wave made it possible to analyze a more complex gasdy- 
namic phenomenon, i. e., nonregular reflection of a shock wave on oblique inci- 
dence (the so-called Mach reflection) in a real gas at high temperatures. An 
experimental study of this phenomenon has shokm that the real properties of the 
gas result in a principally new system of shock waves, i. e., a system with a 
double configuration attendant to Mach reflection. 

The relationship between gasdynamic phenomena and physicochemical trans- 
formations is particularly pronounced in detonation waves. 
experimental studies were made\ of the formation, refraction, diffraction and 
yefleetion of detonation waves from normal and obliyve surfaces. 

Fo r  this reason 

The ionization processes which arise on propagation of shock wat-es in real 
gases were studied in a i r  and nitrogen n.ith relatively low-speed shock waves, 
when the ionization process doeis not appreciably affect the gas flow. 
conditions we measured the time needed for establishing the equilibrium degree 
of ionization ar,d electron temperature behind shock waves. 

Under these 
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changes, the sign of the gradient of the refractive index changes dso. Thus, 8 
shock wave moving horizontally from left to right with the knife edge vertical 
and placed to the left will appear dark, while a wave moving in the opposite 
direction will appear light on the gray background. 

The propagation of shock waves and the flow structures behind them, when 
using the TUpler [schlieren] method, were recorded by means of various light 
sources and image receiving devices, whose selection was conditioned by the 
features of the process under study. 

2. Recording the Process in a Shock Tube by Continuous 
Photographic Scanning; 

A method which is 'simplest to implement and at the same time yields a 
wealth of information on the processes in the inspected part of a shock tube is 
that of continuous photographic scanning. The window of the chamber under 
observation is closed by a Screen with a narrow slot situated parallel to the 
longitudinal axis of the chamber along which the wave propagates. The light 
source in this case is a flashing lamp with a total duration of sufficiently inten- 
sive lighting at  least not lower than the duration of the process phase of interest. 
The pattern of the motion of the inhomogeneity along the slot is recorded on a 
film which is held at the surface of the photo-recorder drum and which forms 
a closed cylindrical surface. The maximum film speed on the drum was 185 
m/sec in our experiments. The objective lens of the photorecorder remains 
open during the entire experiment, for which reason the phase of the process 
which corresponds to the instant of flashing of the lamp is positively recorded 
on the film. It is only necessary to sufficiently precisely synchronize the h 8 t a U t  
at which the lamp flashes with the stage of the process under study in the shock 
tube. 

The photographing was initiated by a 
signal which arose on a piezometric pressure 
pickup at the instant when the shock front 
passes past it. Any delay in starting up the 
recording apparatus and the iUuminaf3ng system 
relative to the instant of receiving the signal 
from the pressure sensor were determined on 
the basis of parameters of the synchronizing 
unit's circuit. The signal from the pressure 
pickup was amplified, delayed and then opened a 
thyratron relay. The anode capacitor of the 
relay is discharged through this relay and 
through the primary winding of the transformer. 
The high-voltage impdse which was thus pro- 
duced in the stepup winding of the transformer . . .  . 
was fed throughaseparating capacitor to the 

select the necessary delay time inthe synchroni- 
zation unit's circuit, a provision was made for 
adlustinn the time constant of the capacitance- 

Figure Arrangement for initiating electrode of the light source. To Obtaining Continuous Scan- 
ning of a Process Taking 
Place in a Shock Tube. 

charging circuit in the thyratron-reiay circuit. 
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* -  

Figure 2. A Continuous Photographic Scan of the Propa- 
gation and Reflection of a Shock Wave from the End of the 

Tube. 

Figure 3. A Photographic Scan of the Mach Line and the 
Motion of a Stria in the Flow Behind a Shock Wave. 

Figure 1 shows a schematic which clarifies the mutual location of traces of 
inhomogeneities, shown on pliotographs of continuous scanning of processes in a 
shock tube (Figs. 2 and 3). The upper part of Fig. 1 shows schematically the 
window of the viewing part of the tube. An obstacle - wedge half 1 - is placed 
in the chamber. 
shock wave 6 and contact surface 7, as well  as of the "stria" 8 is constructed 
by means of a slot on screen 2. 
which produce line-type images on the moving film. These lines serve a s  
references of a kind in processing the films, in measuring the distances and 
times on the motion pattern of the traces of all inhomogeneities which are re- 
corded on the film. 

The image of the flow pattern and of the motion of the incident 

The screen is provided with apertures 3 and 4,  

It is not too difficult to note that the traces of the motion of the wave, for- 
ward boundary of the interference and of the "stria" will be depicted on the 
film in the form of slanting lines 6 ,  '7 and 8, respectively. The tangent of the 
angle between these lines and the "time axis", i. e. , the direction of film motion, 
is proportional to the velocity at which these inhomogeneities move. 

The Mach line, i. e.,  the line 9 of the small disturbance which is produced 
at the leading edge of the wedge half from the side of the generatrix parallel to 
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the axis of the flow, will be depicted by a line stationary in time. For the given 
position of the slot, shock 10 will not be recorded on the film, In order to obtain 
its image i t  is necessary to move slot A B  to the forward part of the chamber's 
window or  to cut a new slot there. The use of two slots will make technically 
more difficult the deciphering of the photographs, but it does not introduce any 
principal difficulties. 

By clearly recording the position of the obstacle in the chamber relative to 
the "reference" points 3 and 4 (Fig. 1) and the position of slot 2, knowing the 
speed of the photorecorder drum which is synonymous with the velocity of the 
film and having first measured the image reduction, it is possible to use  the 
schlieren photographs shown in Figs. 2 and 3 to determine the speed of the 
wave, the velocity of the interface, the velocity at which the gas moves behind 
the shock wave (on the basia of the velocity of the "stria"), to measure the slope 
of the line of the small disturbance relative to the flow axis (thus obtaining the 
flow's Mach number), the inclination of the oblique shock, tx, measure the rate 
of propagation of the small disturbance and to decipher the pattern on oblique 
incidence of a shock wave on a solid wall. These measurements a re  discussed 
in detail below. 

3. High-Speed Photography of Processes in Shock Tubes 
Bv the &ark Method 

Considerable scope for visualizing the flow structure in a shock tube is of- 
fered by the use of the schlieren method in conjunction with high-speed photo- 
graphy of the process. High-speed photography can be performed by using the 
UB-451 instrument in combination with a flashing lamp, i. e., "discharger", in 
which a high-frequency spark discharge takes place, as the light source. The 
requirements put to the light source and the image recefver in this case should 
provide for sufficient intensity of individual flashes with the smallest possible 
frame exposure time and for not too small frame size with a frame frequency 
which yields acceptable resolution in time of the process being observed. A 
quality of great importance of high-speed spark-discharge photography in the 
study of flows in shock tubes is the fact that it is possible to synchronize the time 
of the picture taking with any stage of the process under study by starting up a 
series of illuminating discharges by a signal from the process under study proper. 

The exposure time of a frame, the duration of individual flash in a series is 
determined by tbe capacitance, resistance and inductance of the discharge cir- 
cuit. Reducing the inductance and a proper selection of the resistance make i t  
possible to obtain a flash duration of up to 5-3 microseconds, In order to obtain 
short flashes of the given intensity one should use hi@ voltages with a lower 
capacity. Designs of spark setups for high-frequency photography are described 
in [47-501. 

Our arrangement used a capacitor bank with a total capacitance of 1 mf. It 
was charged from the AKI-2-50 instrument used for testing conductor break- 
down with voltages up to 22 kV. The voltage was supplied to the discharge cir- 
cuit through a 7 kohm resistor, with the discharge capacitance of the capacitor 
being 0.02 mf. The signal initiating the picture taking was supplied through the 
synchronizing unit to a thyratron sic 1 , connected between the capacitor bank 
and the discharge circuit proper. 
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The specifics of photorecording of processes in a shock tube is such that 
sharp synchronization is possible only in the case when the photographing process 
is started up by a signal arriving from a shock wave which has already formed, 
since the time of breaking the diaphragm and of wave formation can be precal- 
culated only with a high degree of scatter. 'it happens that the time which passes 
from the time the diaphragm breaks to the start  of stages which a re  of interest 
is smaller than the scatter in the diaphragm-breaking time. 
this it is difficult to record processes in shock tubes by photographic cameras in 
which the phenomenon is synchronized with the picture taking by initiating the 
phenomenon by an electrical impulse supplied by the photographic camera. 
breaking of the diaphragm, which takes during a time which cannot be practically 
monitored turns out to be a component part of the total time of development of 
the phenomenon under study. Under these circumstances the recording of the 
needed process stage on the film is purely random. If, however, the filming 
sequence is started by a shock wave already propagating, then the indeterminacy 
introduced by the initial stage of the process is eliminated. 

Ir; conjunction with 

The 

The delay time was varied in the range of 150-600 microseconds (this is the 
total delay time from the instant that the wave passes past the pressure pickup 
to the appearance of the first frame on the film). 

High-speed photography of the process makes it possible to study the struc- 
ture of the supersonic flow in the shock tube. The most complete information 
on the flow past obstacles in a shock tube can be obtained also by high-speed 
photography. Many details of schlieren diagrams obtained by continuous scan- 
ning can be properly interpreted only after comparison with the pattern of the 
same process obtained by high-frequency photography. 

Figure 4 shows a picture of the propagation of a shock wave and of the flow 
behind it in a tube. The photographs show the shape of the front of the incident 
and reflected waves. 

The u s e  of these photographs makes also possible obtaining quantitative 
data describing the process in the shock tube, i.e., the velocity of the incident 
and reflected shock waves, the angles of inclination of oblique shocks and the 
lines of weak disturbances which arise a t  the half wedge which is situated in 
the flow of gas behind the shock wave. 

5 

The high-frequency spark discharge was obtained in the spark gap of the 
discharge lamp. The design of this lamp is described in detail in [47-50). This 
is a "linear" light source with an adjustable spark gap. The shape of the lighting 
body of the "lamp" is determined by conditions which a r e  most convenient for 
illuminating the collimating slot of the LAB-451. 
filled with hydrogen to a pressure of 1 atm. 

film length was 1 m, linear film velocity 185 m/sec. The size of the frame on 
the film being 3 . 5  x 15 mm, the filming frequency was about 60,000 frames/second 

- /20 

The lamp is evacuated and 

The process was recorded on a film placed on the photorecorder drum. The 
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4. High-Speed Photography U s i n g  the 
SFR Camera 

Figure 4. A Se- 
quence of Photo 
Frames of the 
Propagation of a 
Shock Wave in a 

Tube. 

The methods described above for recording the 
schlieren picture of the flow by means of spark light 
sources and continuous recording on a film placed on a 
rotating drum have a limited time resolution. This is 
due to the fact that there is a limit on increasing the drum 
speed which is determined by the s t r e n e  of the drum 
material and of the film. They cannot muve faster than 
185-300 m/sec. 

Processes which have a duration of not more than 
several microseconds must be recorded by a method 
using a rotating mirror. Then the image can move along 
a stationary film at  a high speed. A number of cameras 
using this method are  available, with the best time reso- 
lution provided by the SF'R camera. 

In this device [ 511 the speed at which the mirror ro- 
tates can be adjusted from 3 to 75 thousand revolutions/ 
sec. The SFR in the time-magnifier version gives a 
series of successive photographs of the process with a 
frequency from 25,000 to 2,500,000 frames per second. 
The frame diameter is 10 mm for a t w o - m  insert and 
5 mm for a four-row insert. Unlike the !ZhFR and ZhLV 
cameras, the SFR does not have a wait- regime. Here 
the inatant at which the process under h d y  starts is 
determined by the SFR proper. A high-voltage transformer 
in the control panel produces a high-voltage pulse at the 

instant when the mirror occupies some predetermined position. This pulse starts 
up the process under study in order to photograph a given stage of it. The igni- 
tion pulse is supplied with the mirror in a position such that the process stage 
under study ensues during the time which the mirror needs for rotating into the 
position corresponding to the start  of the recording time. This time can be 
arbitrary, but should not be changed from one m e r i m e n t  to another. For  this 
purpose the SFR camera is convenient for the study of detonation processes, 
for example. The gaseous mixture in the detonation tube can be ignited by a 
spark from a high-voltage pulse. In a shock tube the diaphragm-breaking time 
cannot be controlled and varies from experiment to experiment. 

The shock tube can be synchronized with the SFR either by stabilizing the 
diaphragm-breaking process by, for example, breaking the diaphragm by an 
electrical discharge, or,  forgoing synchronization, to record the needed part 
of the process once per several experiments. Using a one-sided mirror approxi- 
mately one out of eight experiments is successful, while when a two-sided mirror 
is used success is achieved in one out of four experiments. 

instant at which a given stage of the process under study ensues, but also With 
some other instant (for example, the start of shutter opening o r  the start  of 

If it is necessary to synchronize the start  of recording not only with the 
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flashing of the illuminating lamp), then a 300 V pulse is taken off from the pri- 
mary winding of the high-voltage transformer at the time of firing. It is supplied 
through an electronic network which provides the necessary delay to the thyratron 
key, which controls the ignition of the lamp or  the opening shutter. Sometimes a 
synchronization scheme is used under which the illuminating lamp does not flash 
if the instant at which the recording starts does not coincide with the needed stage 
of the process [ 531. 

The SFR camera can be used for photographing self-luminosity, for photo- 
graphing shadow and interferometer patterns. The duration of film exposure 
when photographing self luminosity is limited by explosion-type cutoff shutters 
[521. 

In taking shadow o r  interferometer pictures the film exposure time is speci- 
fied by the duration of the illuminating flash. 
using the IPS-200, IPS-500 and IPS-1000 flashing lamps, with the flashing duration 
selected on the basis of above considerations. If it is necessary to obtain equal 
illumination of all the frames in a series, use should be made of the arrangement 
described in [ 531. During a specified time the flashing lamp is shunted by a 
thyratron, and this prevents the lamp from flashing. 

Illumination can be obtained by 

The SFR camera can be used together with shadow instruments, for example, 
with the IAB-151. 

Figure 5 depicts an arrangement of combined use of the SFR-L and 1-451 
instruments. S is the light source, O1 and O2 a re  lenses of the TLIpler instru- 
ment, K is the inhomogeneity under study and H is the Foucault knife edge. The 
SFR-L is depicted in the time-magnifier version. 

The image of the photographed object K is constructed by the objective lenses 
0 and 0 in the plane intersecting the middle of the reflecting facet of mirror  P. 5 6 
At some distance from the mirror a series of rectangular lenses, assembled 
into lens insert L is  arranger3 along an a rc  of circle. When the mirror rotates, 
the image of the object is projected in sequence by the lenses onto the plane of 
the film. 

- 1’23 

Before the first lens there is a diaphragm with square apertures, which itre 
projected onto diaphragm D2 in front of the lens insert in such a manner  that at 

each time instant light passes only through one lens in any given row. For a four- 
row insert the diaphragm D2 has  four apertures, displaced horizontally and verti- 
cally, while for a two-row insert it has two apertures. When the image of one of 
the apertures coincides with an operating aperture of any lens in  the lens insert, 
the image of the remaining apertures is  situated between the operating apertures 
of neighboring lenses. This system thus acts a s  an optical shutter. 

The operation of the lens system of the SFR and IAB-451 instruments is 
achieved by using reduced lens systems A, which project the image of the object 
under study on the film with the required size reduction and the plane of the 
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Figure 5. Arrangement for Recording a 
Schlieren Pattern of a Process by the SFR Cam- 

era. 

output pupil [aperture] of the LAB-451 (plane of the Foucault knife edge) onto the 
plane of the input apertures of the SFR camera (diaphragm D1 with light aper- 
tures). 

In order that the shadow picture obtained by means of the LAB-451 not be 
distorted when transferred to the film, the linear dimensions of the image of the 
input aperture of the SFR in the plane of the Foucault knife edge a re  made larger 
than the linear dimensions of the output aperture of the IAB-451 (the size of the 
output aperture of the IAB-451 is determined by the magnitude of the greatest 
deviation of an elementary image of the light source from Ehe axis which is pro- 
duced by pressure gradients in the field under study). In fact, when the recording 
system projects onto the plane of the knife edge the light apex"@ of diaphragm 
D1, this also introduces into the Foucault plane an additional !'double knife edge. l' 
Tn order that it do not effect the picture being taken, the edge of the Foucault 
knife edge and all the images of the light source, both deflected and nondefiected, 
should be contabed inside the '!double knife edge" opening. 

The general principles of the design of the optical system for connecting the 
SFR with shadow and interferometer instruments are presented in [ 54-561. We 
shall describe an arrangement of a transfer system of SFR and zAB-451 instnx- 
ments consisting of objective lenses 1-13 (F = 300 mm) and RO-2 (F = 75 mm) 
[57, 581. 

Objective lens 1-13 is placed at  a distance of 4-5 cm from the knife-edge 
plane, and objective lense RO-2 is placed at a distance from lens 1-13 at such 
a distance that the image of the object under study be projected onto infinity. The 
SFR in the time-magnifier version with a two-row insert is placed so that the 
image of the illuminated slot be projected onto the middle of one of the apertures 
of diaphragm D1. The SFR is aimed at infinity. An image of a part of the field 
of view of the TAB451 80 mm in diameter is recorded on a frame 1 0  mm in 
diameter. The output aperture of the IAB-451 is projected on diaphragm D1 with 
a 4-fold reduction. If a double knife edge with a 3 .6  mm opening between its 
edges is placed in the plane of the Foucault knife edge, then its image in the plane 
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of D will be 0.9 mm wide. If then the width of the light aperture D of each 1 2 
lens in the two-row insert is reduced to 1 mm, thenwiththe frame dimension 
remaining 10 mm, the exposure of each frame will be reduced 4-fold. In each 
experiment one obtains 30 successive frames of the process; the frame diameter 
being 10 mm, an 8-fold reduction and an exposure time of 0.5 microseconds 
[sicl .  

By varying the focal distances of the objective lenses in the transfer system, 
i t  is possible to obtain the required reduction factor, since it is usually necessary 
to obtain on the film not the image of the entire field of view of the IAB-451, 
but only of a part of it. 

When the RITO-500 and RO-2-12RI objective lenses a re  used in the image- 
reduction arrangement, the reduction factor is ten. When the focal distance of 
lens O3 is increased to 400 mm and lens O4 has a focal distance of 50 mm, the 
image is reduced 4-fold. 

The SFR camera was used primarily for recording schlieren pictures of the 
propagation of detonation waves. 
processes in shock tubes (study of irregular reflection of shock waves). 

In some cases it was also used for study of 

5. Measuring the Flow Velocity in a Shock Tube by the 
SDark Method 

One of the major variables which determine the state of the flow behind a 
shock wave in a shock tube is its velocity. It is precisely the flow velocity which 
is most sensitive to the increase of the boundary layer thickness in the shock 
wave's "plug. ' r  

We have used an electrical spark method for measuring the flow velocity, 
with the "marker" whose motion can be visualized and compared with the flow 
velocity being some volume of the gas heated by the electrical discharge (see, 
for example, 59-66 1 ). 

r RIUUL Pilot 
modulator Modulator -: 

Dlq-' DH 

Amplifier 

thode re- 
peater 

t ST 
t -- 

Figure 6. Schematic Diagram of a Setup for Mea- 
suring the Flow Velocity. 
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Measurement of the flow velocity with relatively high Mach numbers of the 
flow (Mo > 3) is the subject matter of only several studies [SO,  63, 651. All 
these studies were performed in hypersonic wind tunnels. In this section we 
describe a technique for measuring the flow velocity by the spark method using 
a shock tube. 

The schematic diagram of the setup is shown in Fig. 6. Here UT is the 
shock tube, f is the shock front, K is the half wedge, M is the Mach line, AS is 
the attached shock, D is the pressure pickup, DH is the discharge headthrough 
which is led out a high voltage (pulse-type) electrode, inserted flush with the 
chamber wall; the other electrode is either the half wedge placed in the flow, o r  
an electrode placed in the chamber wall. The shock tube used had a square flow 
passage with dimensions of 40 by 40 mm. The half wedge was placed in the 
center of the flow passage so that the lengthof the discharge gap was 20 mm. 
Letters S1, S2 and S3 denote the positions of successive "striae", i.e., opticaI 
inhomogeneities. The striae are formed by the discharge in the moving plug 
behind the shock wave. The discharge frequency is selected so that at the time 
of a sequential discharge the preceding stria has moved thmugh a sufficient 
distance from the discharge gap and each discharge would form a new stria. 

At the instant when the shock wave passes, the pressure pickup puts out a 
signal which, after a preset delay, is supplied to the starter of the shock excita- 
tion generator. The delay of the pulse from the pickup is needed so  that the 
shock front would move away at such a distance from the discharge gap for 
which the discharge would not be able to pass through the low-pressure quiescent 
gas ahead of the shock wave. 
would form before the shock wave arrives, since this increases the e r ror  of 
this method (see further on). 

On the other hand, it is undesirable that a stria 

The series of pulses from the shock excitation generator's output (the fre- 
quency and number of pulses can vary) is supplied to a pilot modulator. A 
series of rectangular pulses with an amplitude of about 1 kV is taken off the 
pilot output. 

The modulator converts each pilot pulse into a ''train" of high-voltage damped 
oscillations. The rate of attenuation of these oscillations depends on the mag- 
nitude of the input resistance, as well as on the existence or lack of existence of 
breakdown of the discharge gap. 

To estimate the possible e r ro r  of the electrical spark method in measuring 
the flow velocity, i. e. , to estimate the difference between fAe velocity of the ' 

flow and of the thermal inhomogeneity, it is necessary to clarify the manner in 
which the instability of the flow affects the motion of the thermal inhomogeneity. ~ 

Here  we will give a solution for this, sufficiently characteristic case when the 
flow velocity varies linearly alon the plug. The result of this analysis is some- 
what different from that given in P; 671. 

For  sufficient completeness of presentation we are presenting here a brief 
discussion of the limits of applicability of starting equation (1.4) and show the 
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in the section containing the stria. We shall assume that the thermal inhomo- 
geneity is formed at  t = 0. It will also be assumed that for sufficiently small 
t the following relationships apply: 

where I -  = u - u 
a is the speed of sound in the flow and Y is the kinematic viscosity of the flow. 

r is the characteristic dimension of the thermal inhomogeneity, 
5' 

2 Assuming that I' - 10-1 cm and X - v - 10-' cm /sec (z  is the thermal diffu- 
sivity), we arrive at the assertion that 

where To is the characteristic time of following the temperature inhomogeneity 
(stria) and 
Section 51). 

is the characteristic time of thermal "spreading" (see [681, 

By virtue of Eqs. (1. l), (1 .2)  and (1.3) i t  is sensible to model the motion of 
a thermal inhomogeneity by the flow past a solid body of the same shape, re- 
garding the liquid a s  incompressible, the flow as potential, disregarding the 
thermal conductivity and taking into account only the viscous resistance force. 
This modeling of the motion of an inhomogeneity is an asymptotic description of 
a kind which is the more valid, the smaller Rfs and Res. 

On these assumptions the motion of a thermal inhomogeneity is defined by 
Eq. (1.4), i. e., the equation of "associated" masses 

(1.4) 

where Rfs is the mass of the stria, Vs  is i ts  volume, P i s  the density of the flow 
and F is the resisting force. 
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derivation from it of the known results (1.9) and (1.11) which a r e  also of impor- 
tance for the subsequent discussion (see also [ 61, 671 ). 

Let u ( t )  be the velocity of the stria at the time t and u( t )  is the flow velocity 
S 
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m Force F consists of the inertia part Fm and viscous force F,. Force F 
is defined as 

where m is an associated mass (in general a tensor). For the particular case 
when the thermal inhomogeneity is ball-shaped, Fq is given by the following 
expression (see I681 , Section 24), where R is the radius of the ball 

We now consider two manners in which the stria forms: 1) ahead of the 
shock front, in the quiescent low-pressure gas; 2) in the shock-wave plug. 
will be assumed in both cases that the plug is ideal, i. e. , that the flow variable6 
along it are constant. 
conditions [see further Eqs. (1.8) and (1. lo) ] ,  we can conclude that for suffi- 
cently small t it  is also possible to disregard the viscous resistance 

It 

Comparing (1.5) and (1.6) and having resort to initial 

This conclusion obviously also applies for a cylindrical stria. 

1. The initial condition is 

u s ( t ) = = O ,  t < o  

and the solution corresponding to it 



2. The initial condition is 

u ( t )  = zr, = const, 
us (0) = 2; , 

( t  > O),  (1.10) 

and the solution corresponding to i t  

(1.11) us( t )  r;l z l d  = const. 

Thus, in case 1 there exists a well-defined difference between the velocities 
of the inhomogeneity and the flow (proportional to the difference in densities). 
In case 2 the inhomogeneity accurately follows the flow (on the assumption of a 
plug with constant dimensions). Results (1.9) and (1.11) are  known (see, for 
example, [61, 671). 

Solution (1.9), i. e. , case of thermal inhomogeneity created ahead of the 
wave, is valid only for  a sufficiently small difference in the densities of the 
inhomogeneity and the flow. Even in this case the solution is valid only for 
sufficiently small t .  
the potential flow past a thermal inhomogeneity as  modeled by a solid body be- 
comes hydrodynamically unstable and should be completed by turbulization of this 
inhomogeneity (see also [6l1). H e r e  a part of the energy of the relative motion 
dissipates and finally v, the relative velocity decreases. We note that [TO1 gives 
exact (numerical) solutions for the interaction of a shock wave with an inhomo- 
geneity in an inviscid and nonconducting gas. These calculations a re  interesting 
by the fact that they make it possible to estimate the manner in which the inhomo- 
geneity moves (for sufficiently small t ) in the case when u ((I), the relative 
velocity is high and the simple approximation of "associated masses" is incorrect. 

In fact, i t  is sufficient to point out that when Res > Recr, 

Let the inhomogeneity, as before, remain in the plug. But now we no longer 
assume that the flow ve1ocil;y along the plug is constant, but that it varies linearly 
along the plug 

u (5) = nz $- UJ, 
r ; ( O )  = 0, 
a 7 const, 

(1.12) 

where x is the coordinate along the shock-wave plug. 

This approximation is sufficiently satisfactory for the initial stage of 
motion of the thermal inhomogeneity. 
overall qualitative idea about the manner in which the non-constancy of the flow 
velocity affects the motion of the inhomogeneity. 

In addition, this approximation gives an 
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It is obviously true that 

Using the above expression it is easy to find the following solution for u s  

u, = un erp [ (La)  t ] ,  (1.14) 

where 5, is the same as  in Eq. (1.9). 

It can be seen from Eq. (1.14) that if, for example, the flow is accelerated 
( u o  and a of the same sign) and if  the density of the inhomogeneity is lower than 
that of the gas surrounding i t ,  then the inhomogeneity leads the flow (see [671). 
On the other hand, if for some t Res becomes greater than Recr, than starting 
with this t solution (1.14) becomes invalid (see a similar remark concerning 
solution (1.9)) and the relative velocity finally decreases. 

It can be shown that from Eq. (1.14) there follows an expression for the 
relative e r ror  as 

Us - 11 i -- 13 - [ * - erp (-- Aut) 
a,(q = - - 

U 
(1.15) 

Thus, 6, (f) increases monotonically from zero to (3. - 1) with an increase in t . 
This result is different from that of 1671 , where the relative e r r o r  increases 
to a. The corresponding f'relaxationll time can be defined as (I/Aa) 

The actual value of ?.a is not known a riori. Hence Eq. (1.15) can be used 
only for estimating the lower boundary o -?-- that Ume t ~ ,  during which the e r ro r  is 
smaller than some A .  For this we can take an overestimated a and 3. (for example, 
X = Lax). Using this estimate for f3 it is possible to determine the er ror  directly 
by means of an experiment (see below). 

We now return to the question of the possible e r ror  in determining the flow 
velocity, i. e. , what is the accuracy with which it is possibIe to measure the 
flow velocity in the point where a stria is found? This problem is equivalent 
to the following: with what precision is i t  possible to measure the position of a 
tangent to the stria at the point of its formation, where its velocity is identical 
with that of the flow? Under our conditions the trace of the stria,  as a rule is 
rectilinear over the entire section over which it is observed. This assertion is 
obviously valid only within experimental error.  It follows from this that either 
the velocity of the stria coincides with the flow velocity (within the experimental 
error) ,  o r  "breakawayff of the stria velocity from the velocity of tbe flow takes 
place during a time (l/;.(l).  which is small in comparison wfth the time scale of 
the scan (and hence this change is not noticeable on the scan). However, the 
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second possibility is eliminated by the actual estimate of the minimum value 
of ( I ,  id:),  

Thus, under conditions described above, the main contribution to the e r r o r  
is made by er rors  in measurement and not by actual leading of the flow by the 
spark [ -inducedl inhomogeneity. 

/3 0 The measurement errors ,  including the imprecision in determining the - 
rate of rotation of the drum, etc., are about (2-4)%. On the other hand, the 
e r ro r  of the method, i. e. , the e r ro r  due to the actual difference between the 
velocity of the flow and of the stria is smaller than 2%. In [651 the e r ro r  in 
measuring the flow velocity b j  the spark method was estimated at 2% (see also 
the discussion of e r rors  of the electric spark method in 167, 691). 

and S-, corresponding to the motion of 
a weak shock wave which arrives on breakdown, down and up the flow, it is  possible 
to determine the rate of propagation u" of these disturbances. 
for sufficiently small disturbances uk = u f a, where a is the velocity at which 
the front of the acoustic wave propagates. 
possible to disregard the acoustic dispersion, a is the speed of sound. 
under certain conditions the slope of lines ,S. and S- can be used for determining 
the speed of sound (see 1641). 

3- 
By measuring the slopes oElines S 

It i s  obvious that 

For sufficiently small &I, when i t  is 
Thus, 

A scan of a stria formed in stationary air  at atmospheric pressure is shown 
in Fig. 7. One can see the trace of the stationary stria and the traces of the 
disturbances due to the breakdown. Similar control experiments, which were 
performed with an output pulse at maximum, showed that the speed of sound, 
measured on the basis of the slope of lines corresponding to the motion of dis- 
charge disturbances coincides with the theoretical velocity, within the experi- 
mental error.  This points to the fact that these disturbances have a relatively 
small amplitude and in its turn is related to the relatively small magnitude of 
the discharge capacitor (500 mmf). In the main series of e-xperiments we have 
attempted to reduce the amplitude of disturbances to a minimum. For this the 
amplitude of the pulse supplied to the discharge head was reduced to that ab- 
solutely necessary for getting breakdown. Obviously, acoustic disturbances 
a re  always present, but in this case they are so small that they a re  not noticeable 
on photographic scans. These pictures sometimes also display lines which a re  
called "polygons", i. e. , traces of optical inhomogeneities which a re  apparently 
produced by fluctuations in the gas density (see [71J). 

/3 1 - Under certain conditions the flow velocity can also be measured by these 
polygons. 
inhomogeneities, and this increases the e r ror  of measurements. In addition, 
sufficiently clear polygons a re  produced not with any shock-wave variables. 

However, these polygons a re  much less  clear than lines of artificial 

6 ,  Pressure Pickyps 

Pressure changes in the tube in Lvhich the shock waves propagated were re- 
corded by means of piezoelectric pressure pickups. The sensitive element used 
in measuring the pressure was either barium titanate and TsTS ceramics. 
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Figure 8. Oscillogram of the 
Pressure Behind a Shock Wave. 

Figure 7. Scanning 
Photograph of the 
Motion of a Thermal 
Inhomogeneity in Still 

Air; p = 1 atm. 

The pickups were produced as  follows. The 
barium titanate ceramic was cemented to a zink rod. 
The zinc and the ceramic have identical acoustic 
impedances due to which the wave, which is excited 
in the piezoelement by the pressure pulse attendant 
to the propagation along the axis of the piezoelement 
passes into the zinc rod without being reflected at  
the interface. 
natural oscillations of the piezoelements. Use  was 
made of barium titanate crystals from 1 0  to 1 mm in 
diameter and 2-10 mm high. For a wave propagating 
with the velocity of 2000 m/sec such pickup geometry 
ensures a time resolution of 5-1 microseconds, re- 
spectively. The zinc rod was about 15-20 cm long. 
In a rod of this size a deformation wave which is re- 
flected from its end is returned to the piezoelement 
after 100-120 microseconds. The pickups using TsTS 
ceramics were provided with brass wave path [instead 
of the zinc rod]. 

This presents the possibility of inducing 

The surface of the piezoelement and of the rod were carefully polished to 
matchone another and were cemented together by the BF-2 cement. The rod 
together with the crystal was placed into a metal housing. The space between 
the housing and the rod was filled with a substance with a good capability for 
absorbing deformation waves, i. e. , rubber, wax, cork, polyfluoroethylene resin 
or  foam plastic. 

The piezoelement maintained electrical contact with the housing by means 
of a wire soldered to the metallized base of the element. The positive charge 
was taken off the zinc rod. An example of an oscillogram of the pressure be- 
hind a shock wave is depicted in Fig. 8. 

The pressure pickups were calibrated by weak shock waves (M = 1.5-3) with 
initial pressures of about 0.5-1 atm. 

The pickup readings were used primarily to study the manner in which the 
pressure behind the shock wave changes and for determining the time at which 
the shock wave arrives at a given point in the tube. One cOn familiarize oneself 
with different designs of pressure pickups, the technology of producing them and 
techniques of calibrating and operating them by reference to 172-77 I .  
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7. Measuring the Surface Temperature of the Shock-Tube Walls 

The shock wave interacts with the shock tube walls during a very short time 
interval (about several microseconds), for which reason the instrument for 
measuring the heat flux should be highly sensitive and have a low inertia, such 
that i t  kvould succeed in "foIlowing" the changes in the surface temperature which 
takes place during 1 microsecond. For this we used a thin conducting film a s  a 
resistance thermometer. In order to measure the varying surface of the body 
the film should be so  thin that i ts  temperature be identical with the surface tem- 
perature with a satisfactory accuracy. It is known from the theory of thin films 
that, starting with some known thickness of film, specified physical parameters 
of the film and the becking layer, i t  is possible to regard the film temperature 
as  the sought temperature of the surface, disregarding the temperature gradient 
across the thickness of the film. 

The theory of thin-film resistance thermometers reduces to solving and 
analyzing the problem of finding the temperature field of a plate and a semiin- 
finite body which a re  in contact. 

To solve the problem, [781 introduces the following assumptions: 1) the 
problem is one-dimensional; 2) the thermal coefficients of both bodies a re  
specified and do not depend on the temperature. Let u s  assume that, starting 
with some time, the system is heated on the free surface of the plate by a thermal 
flux qo. It is required to solve the boundary-value problem 

a=T,, - __ - - a m r ( t > O ,  o > x >  
at  

3 ' , (J ,  0 )  = 1', (z, 0 )  = 0 ,  

T i ( W , t ) - - O  ( t > O ) ,  

T,, ,  (0 ,  t )  7-: Ti<0, t ) ,  

i)Tm(- 11) 
a x  + 9 = 0 ,  

(1.16) 

(1.17) 

(1.18) 

(1.19) 

(1.20) 

(1.21) 

(1.22) 
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where a is the thermal diffusivity, Lis the thermal conductivity, T is the tem- 
perature, t is the time, x is the direction of heat propagation and I is the thick- 
ness of the metal plate. Subscript m refers to the metal plate and subscript i 
refers to the backing. 

The solution is obtained by the operator method. The resulting expressions 
are: 

1) for the temperature field of the semiinfinite body 

2) for the temperature of the plate 

270 Jfq 1 ( I  - z )  
I m(5, t )  = ___-___ li ( 1  ':- :) 
, I  

n=o 

hiCipi Here z = fr---- _ -  - E i  is the plate's thermal activity coefficient, c is the 
L t C , , , ? ,  E ,  

specific heat and P is the density of the medium. 

The problem was solved for 5 < 1. The contact temperature is determined 
at x = 0. It has the form 

'03 

(1.25) l't, :: Tj (0, t )  =; Z-,n (0, t )  = 4qo 1/07 2 ( e ) " i c r f c T - - ,  If1 - f -  1 
L i ( l + J )  rl=O - F* 

a t  

1 
where Po = + , 



The temperature of the free surface of the plate is determined from 

The temperatures of both sides of the film are practically identical at any 
given time when the value of Fo is such that it is possible to disregard the tem- 
perature gradient across the film's thickness and to assume that the contact 
temperature is the same as the temperature of any point of the film with sufficient 
accuracy. When F ,  > 200 Lhe temperatureover the thickness of the film is 
equalized almost instantaneously aKd consequently, the film temperature re- 
presents the surface temperature of i ts  backing, Thus, for platinum films 
about 0.1 microns and less chick the temperatures of both sides become equa- 
lized within 0.01 microseconds. 

Various methods a re  available for producing film-type resistance thermo- 
methers [791. U s e  is made for this purpose of Ni,  Au, Pt, Ag and Cu. We have 
used platinum resistance thermometers. The pickup body was made from BD-1 
glass. The platinum-glass pair was selected due to identical coefficients of 
linear expansion of these materials, since otherwise the film could be destroyed 
while applied and while heated due to thermal stresses. 

Platinum leadouts were soldered into the glass body of the pickup, and a 
thin film was applied by chemical deposition at elevated temperature between 
the leadouts onto a well-ground surface. The starting material was a platinum- 
coating paste consisting of cl~loroplatinic acid, lavender and rosemary oils in 
the following proportions: 1 mm3 of crystalline chloroplatinic acid, 3 drops of 
lavender and 4 drops of rosemary oils. The technology for applying thin films 
was developed by E. A. RIit'kina and Yu. G. Polyakov of the LFG ENIN [Leningrad 
Branch of the G. hI. Krzhizhmovskiy State Power Engineering Lnstitutel [ 79 1. 

A thin layer of the paste is applied to the degreased and dried backing sur- 
face. The density of the paste should be such that the strip should spread. The 
vaporation of solvents and deposition of the platinum starts with raising the gas 
burner. The heating is ceased when a shiny deposit appears. The film acquires 
conductivity. Then the air supply is increased and the flame temperature is 
raised. A narrow tongue of flame is directed onto the film and the annealing 
process is started. The platinum becomes sintered into the softened glass thus 
forming a strong film. 

The pickups were calibrated by the stationary method by heating them in a 
furnace. Their resistance at different temperature was  determined by a White- 
stone bridge to within 0.010 ohms. 
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The measuring circuit of the pickup is shown in Fig. 9. The resistance 
thermometer is connected into the circuit in series with an additional resistance 
% which is selected so as  to ensure linearity between the amplitude of the 
electrical pulse and the variation in the film temperature. 

The voltage from the load resistance is fed t.o an OK-17M o r  10-4 oscillo- - /35 
graph through an amplifier with amplification of K = 40. 

The change in voltage AU on heating the film resistance thermometer is 
expressed as 

AU = IIRp-- I z  ( R p  f An) ,  

where R -t Rh) is the 

pickup current before heating, while I2 = - E/(R * Rh + R )  is the current 
through the pickup after heating. Substituting the expressions for Il and I2 
into the expression for A U ,  we get 

is the pickup resistance before heating; I = - E/(R 
P 1 P 

P 

Since R/(Rh + R ) 1, this quantity can be disregarded. AR = R,.*At, 
P 

hence AU = f ( A t )  is a linear function of the temperature variations, since for a 
given pickup E,  R, Rh and R 
determine variations in the film temperature by changes in the voltage. In our 
experiments the circuit parameters were: R N R = 40-100 ohms, R = 100 
ohms and E = 1.25 V. 

are constant. Knowing them it is possible to 
P 

P 0 h 

If a body's temperature is known, then in 
Film principle it is possible to determine the heat 

flux into the body. Due to the short experimental 
time, the pickup body of the shock tube wall may 
be regarded as  equivalent to a semiinfinite body, 
when the heat flux is determined from 

To the OK-17M 
oscillograph 

Amplifier Rh 

Figure 9. Measuring Cir- 
cuit of the Resistance 

Thermometer. 

where CF ( z )  is the time dependence of the surface temperature, A,, and a. are  the 
1 



the thermal coefficients of the wall [conductivity and diffusivityl , T is the time 
and x is  the variable of integration. 

When using resistance thermometers one must analyze the effect of the 
specific heat of the film on the heat transfer, since the quantity of heat accumu- 
lated by the film during the transfer process will have an appreciable effect on 
the e r ro r  in calculating the heat flux. A heat flux calculated from a formula for 
a semiinfinite rod varies depending on the time instant from the start of heat 
transfer at which the resistance thermometer's readings a r e  recorded. 

During the first 3 microseconds from the time the pickup's heating is started 
almost all the heat received by the latter is accumulated in the film. About 2-5 
microseconds later only 7-8% of the total amount of heat remains in the film, 
all the remaining heat being distributed along the glass backing. Consequently, 
the problem of heating up the pichup can be replaced with sufficient accuracy by 
the problem of heating up a semiinfinite rod (the glass backing) with constant 
thermophysical properties, if  the time dependence of the temperature at its 
boundary is known only for times greater than 3 microsecmds from the s tar t  
of heating. The equivalence of these two problems is considered in detail in [ 781. 

Formula (1.28) is inconvenient for practical use, since i t  requires numerical 
solution of the integral. 

or by a summation of exponents. We have calculated the heat f l u x  by expanding 
the integral in a series in terms of time intervals during which the surface tem- 
perature is regarded a s  constant and equal to the average temperature at the 
given section. 

Thus, resistance thermometers make i t  possible to measure the heat flux 
into the shock-tube wall and to judge about the magnitude of heat losses which 
take place on propagation of the wave along the tube and on i ts  reflection from 
the end of the tube. 

8. Microwave Measurement of Electrophysical Variables 
in the Gas Behind a Shock Wave 

The conductivity and dielectric constant o r  the concentration of free electrons 
and the frequency of their collision with the gas particles a re  among the more 
important electrophysical characteristics of a gas heated by a shock wave. 
suring of these variables by probe, magnetic induction, resonator or waveguide' 
methods involves a number of difficulties, which are  characteristic of work with 
shock tubes [80, 811. 

Mea- 

Methods most suitable for  this purpose, i. e. , such which ensure good 
resolution in space and time, do not introduce gasdynamic disturbances into the 
flow and do not effect on the velocity distribution of electrons, is probing by 
centimeter and millimeter racliowaves of low intensity (about 10-6 watts/cm2) in 
free space. The range of variation of electron concentrations is 109-1014 elec- 
trons per cm3. 
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By measuring the absorption coefficient for radiowaves a t  two frequencies 
in ionized gas i t  is possible to determine simultaneously and independently such 
characteristics as the electron concentration and effective frequency of elastic 
collisions between electrons and gas particles [821. These two variables in 
their turn determine the d-c conductivity of the gas. This circumstance serves 
as the basis of the method used. 

The absorption coefficient of radiowaves was measured simultaneously 
using the wavelength pairs of 3.4 and 1 . 8  cm o r  1 . 6  and 0.8 cm (Fig. 10). Each 
radio channel consisted of a low-power klystron generator, first isolating attan- 
uator, dielectric narrow-beam transmitting antenna, two dielectric focusing 
lenses, precision calibrating and second isolating attenuators, detecting unit 
and recording apparatus (Fig. 11). 

Wavelengths of 3.4 and 1 . 8  cm were generated by the 51-1 and (23-627 
generators, while the GS-702 and GS-701 were used for generating the 1 . 6  and 
0.8 cm waves. The calibrating generator in the channel for the 0.8 cm wave 
was the D5-8, the isolating attenuator was the AVR0812/20, while the signal 
was detected by the DS-0812 unit. The superhigh frequency signal when using 
the 3.4 sic] cm wavelength was rectified using DK-I2 crystals, with the D403 
used for the 1 . 8  cm, the D601B for the 1 . 6  cm and the D601A for the 0 .8  cm 
wave. 

Each crystal had a load resistance of 630 ohms, which is equal to the input 
resistance of the calibrating instrument which was used in reading the crystal's 
characteristics. 

In adjusting the radio channels particular attention was paid to obtaining the 
best [possible] resolution in space and time and of a beam which would be a s  

f831) dielectric (polystyrene) transmitting antennas and focusing lenses from 
the same material. For operation in the three-centimeter range the trans- 
mitting antenna had the following dimensions: L = 200 mm, dmm = 17 mm, 

arallel as possible. This was obtained using specially designed (according to 

= 10 mm, which made it possible to obtain a narrow directionarily dmin [sic1 
diagram with an opening angle of 24,5" with side' lobes at minimum power. In 
addition, the ratio beam leaving such an antenna not only diverged very little, 
but also had a small cross  section. A narrow parallel beam was obtained by 
focusing the beam by a lens. The beam's dimensions were determined using a 
sheet from a special material which absorbs well radio radiation. A check was 
made in the measuring section of the completely assembled radio channel [ 84 1 . 

The absorbing sheet was placed inside the organic glass section first along 
the forward (relative to the generator) wall of the section. A s  the radio beam 
was increasingly more covered by the absorbing sheet, which can be regarded 
as an imitation of a fully absorbing gas, the readings of the indicator con- 
nected to the detector unit changed. Knowing the characteristics of the crystal 
it was possible to determine the variation in intensity as a fundion of the amount 
by which the beam was covered. Having determined the intensity distribution 
in the beam by moving the sheet over different cross sections of the beam, it is 
possible to 
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Using the 3.4 cm wave (with the previously 
described transmitting antenna) i t  was 
possible to obtain a radio beam with an 
effective size of 30 mm. The term effective 
s ize  denotes that cross  sectional dimension 
of the beam the covering of which absorbs 
90% of the intensity, thus preventing it from 
arriving at the pickup. 

L4 - When measuring the absorption of 
radiowaves simultaneously on the 1.6 and 
0.8 cm frequencies behind reflected shock 
waves, the dimensions of both beams were 
made identical along the axis of the tube and 

Det2 
x oc, 

Figure 10. equal to 20 mm. The divergence of beam due - /39 
to lack of parallelism, obtained by compar- 
ing: the effective dimensions at the forward 

Microwave Meas- 
ring Unit. 

an> back walls of the chamber was 1 mm. 
The radio beams had elliptical cross sections, which was taken into account 
when adjusting the channels. The viewing test section was made from an inte- 
gral piece of organic glass; i t  was 250 mm long and the inside duct dimensions 
were 7 x 7 cm. To reduce th.e reflection of radio waves the wall  thickness was  
made a multiple of an integral number of wave halves in the given material. In 
run-in experiments we have also used metal viewing test sections with large 
polyfluoroethylene and glass windows. 

Figure 11. Schematic of Setup For Measuring the 
Absorption of Radio Waves. 

Adjustment of the microwave channel consisted in obtaining the smallest 
possible standing-wave ratio (SWR) of the voltage in the transmitting line, 
obtaining a narrowly-focused radio beam, focusing it onto the receiving antenna, 
reducing SWR of the receiving line to a minimum and tuning the detector unit. 

The transmission line (generator, waveguide, antenna) was tuned by placing 
an output meter line between the generator (with the attenuation in Atl at about 
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5 db) and the final waveguide with the antenna (see Fig. 11). This instrument 
measured the SWR with the antenna submerged to different depths into the wave- 
guide. A position was sought in which the SWR was at minimum, which cor- 
responded to the best radiation conditions. The radio beam was focused by 
moving the transmission line together with the generator along the beam. The 
receiving channel was tuned similarly on the basis of maximum readings of a 
pointer-type indicator, connected to the detecting unit. The receiving antennas 
were horn units with a wider directionality diagram than the transmitting an- 
tennas. An output meter line was placed between At2 and At3 for tuning the 
receiving channel. The minimum possible SWR was obtained by varying, by 
means of isolating attenuator Atg the damping in the system. The SWR in the 
receiving system should not exceed 1.25, since multiple reflections may highly 
distort the received signal. A sufficiently low SWR, equal to 1.07 was found 
when the attenuation in the isolating attenuator was about 10  db. 

In studies of processes behind incident shock wave the microwave generators 
operated continuously. To mark the total absorption level, a rectangular pulse 
10 microseconds in duration and with an amplitude of 40 V was supplied to the 
generator's modulator 50 microseconds before starting up the scanning of the 
recording oscillograph. This pulse interrupted the generating regime of the 
klystron for 10  microseconds and mark of the total absorption level. This mark 
is needed due to the moderate drifting of the level of the signal put out by the 
generator. When performing measurements behind reflected shock waves, the 
microwave generators operated in the regime of modulation by rectangular pulses 
produced by the GIP-2 generator. The duration of i ts  signals was about 20 micro- 
seconds with an amplitude of 40 V. In this case the curve of absorption of the 
radiowaves is included between two lines, the upper being the total absorption 
line and the lower being: the total transmission line. 

The crystal detectors, which used 630 ohm load resistances, operated at 
currents of 50 microamps. This provided for a sufficiently high level of the 
signal being measured above the noise, although this removed the crystals 
from the square mode [of operation]. The receiver was calibrated by meas- 
uring the characteristics of detectors by means of the measuring attenuators and 
setting up a relationship between the current through the crystals (in milliamps) 
and the attenuation which is introduced (in db). 

When the relationship between the deflection of the beam on the oscillograph 
and the current through the detector is linear, the calibrating curve can be used 
for comparing the amplitude measured on the photographic film with the radio 
signal attenuation. The crystal characteristics were checked with currenta of 
50 microamps after each series of experiments, since they changes somewhat 
with time. The strength of the signal fed to the receiver was maintained con- 
stant for which reason also the current through the crystal was constant all the 
time (with the exception of the time of the experiment). The detector also 
operated within the limits of its characteristic, i. e., the maximum current 
did not exceed 50 microamps. The signal from the detector was fed to a cathode 
repeater, was amplified in a video amplifier and supplied to the input of an 10-4 
oscillograph. 
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The absorption oscillograms were processed using a tool-maker's micro- 
scope. The accuracy of reading amplitudes was limited by the line thickness 
and was not less than 2% (with the exception of the very small amplitudes). The 
measurement of attenuation on the measuring attenuator's scale was within 2.9- 
3%. Thus, the overall accuracy of measuring the absorption amplitude was 
about 5%. 

Study of Conditiom for Interaction Between Radio Waves and the Ionized Gas 

The purpose of these studies consisted in clarifying the role of the material 
of test-chamber walls in the interaction between the radio waves and the ionized 
gas andinclarifying the manner in which the radio waves propagate (consideration 
of front distortion). It is also necessary to clarify the effect of radio-wave reflec- 
tion on the absorption coefficient which is measured. 

The effect of wall material was determmed behind incident shock waves in 
air and argon in three series-connected chambers: in chambers with windows 
from K-8 optical glass; 2)  with polyfiuoroethylene windows and 3) in a chamber 
made entirely from organic glass. The measurements were made with a 3 cm 
wavelength, using two identical microwave channels situated in sequence along 
the direction of the shock wave propagation. 
polyfluoroethylene and glass windows (first series of experiments), and then the 
chamber with glass windows and the one made from organic glass (second series). 
The distance between the axes of radio beams in both cases was 250 mm. The 
results of measuring the absorption of radio waves at  the same frequency show 
that the absorption curves in each pair a re  well reproducible with a divergence 
of less than 5%. This divergence is less  than the difference in absorption in a 
single channel using the same initial pressure and shock wave velocity between 
one experiment and another. 

/4 1 - Firs t  we used chambers with 

The absorption of radio waves was thus found to be independent (within the 
precision limits of our ap arams) of the material of windows of the test sec- 
tions, and is determined P solely] by the parameters of the ionized gas. 

During the e-xperiments we have studied the effect of radio-beam defocusing 
on the coefficient of its absorption by ionized gas. These experiments were 
made behind incident shock waves using a 3 cm wave and three versions of re- 
ceiving and transmitting antennas. To compare the absorption magnitudes we 
have created identical conditions: pressure p ahead of the shock waves in air 
was 1 mm of Hg and Mo = 10. In the first version standard horn antennas were 
used for receiving and transmitting, in version 2 use  was made of two conical 
antennas from polystyrene, while the 3rd version used two conical polystyrene 
antennas with two focusing lenses. The beam was best focused and most parallel 
in the 3rd version. In this case it is possible to regard the radio wave as plane 
inside the test section and being normally incident onto the layers of the ionized 
gas. In the second version the beam was divergent, but sufficiently narrow, 
while in the 1st version the beam was both divergent and wide. 

0 

These experiments have shown that the absorption coefficient for radio 
waves was lowest in the 3rd version. In the 2nd version i t  systematically 
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exceeded the value of the 3rd version by 2096, while in the 1st  version it ex- 
ceeded that of the 3rd version two-fold. If the probing beam differed highly 
from a plane electromagnetic wave, then there existed a fictional and sometimes 
appreciable absorption which was apparently due to scatter. The system con- 
sisting of dielectric antennas and focusing lenses upon proper tuning has made 
it possible to obtain a sufficiently plane electromagnetic wave. 

To study the effect of reflection of radiowaves by the ionized gas on the 
absorption coefficient which was measured, we have reflection coefficients R 
and simultaneously with this the absorptions of radiowaves with the frequency 
of 18,750 Megacycles. The experiments were performed behind reflected 
shock waves in a i r  with initial pressures po of 2 and 5 m of Hg, Mo = 6.6-8.15, 
in argon with p of 2.5 and 1 0  mm of Hg and Mo = 4.4-7.8. 0 

The R = 1 level in our experiments was the signal reflected from the sur- 
face of a copper piston placed into the viewing-section passage, which approxi- 
mated a medium with a perfectly reflecting boundary. Since the ionized gas is 
homogeneous in the direction of propagation, it was assumed in our calculations 
that the reflection takes place only from the forward boundary of the ionized gas 
relative to the radiator. 

Oscillograms of absorption and reflection in air behind a reflected wave 
show that, although these waves a re  absorbed entirely, the level of the reflected 
intensity is quite small (I R 1 2 =  0.027). 

Figure 13. Oscillogram of the Reflection of 
16 mm Radio Waves from Argon Behind a Re- 
fleeted Shock Wave With po = 2 mm of Hg, 

Mo = 7. 

In the case of Mo < 7.9 the reflection was 

Figure 12. Comparison 
of Experimental Data 
For the Reflection Coef- 
ficient for 16 mm Radio 
Waves by Air Behind a 
Reflected Shock Wave 
For an Initial Pressure 

po = 2 mm of Hg. always weak, i. e. , I R I < 0.027. The experi- 
mental values (points) and the theoretical curve 

[851 are compared in Fig. 12. 

An oscillogram of the reflection of radiowaves by argon heated by a re- 
flected shock wave to approximately 10000" I<, is presented in Fig. 13. In this 
case the waves are reflected completely. 
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Measurements show that up to 4000°K and a pressure of 1.7 atm the reflec- 
tion coefficient did not exceed 10.027 and the absorption coefficient was equal to 
unity. On the other hand, in argon the reflection coefficient is appreciable even 
when the absorption coefficient is less than unity. 

- /43 

In addition to measuring the absorption and reflection coefficient for radio 
waves, we have also measured the self-radiation of gases heated by a shock 
wave using an 0.8 cm wave. 
radiometer with a passband of 30 Megacycles with a noise level corresponding a 
temperature of 1500' I; in the pulsating regime, The GSh-6 gas-discharge noise 
generator was used as a calibrating standard. When calibrating, a dielectric 
plate, analogous to the material of the viewing-section window, was placed be- 
tween the emitting horn of the generator and the receiving horn of the radiometer. 
The noise generator operated in the pulse regime with a pulse frequency of 1 
kcps. 

For  this we have used a superheterodyne laboratory 

Calculating the Electrophysical Variables of a Gas on the Basis of Experimentally 
Measured Coefficients of absorption of Radio Waves of Two Frequencies 

The refractive and absorption indexes of a plane harmonic radiowave which 
is normally incident onto a layer of a homogeneous weakly-ionized gas a re  re- 
lated to the conductivity CT and dielectric permeability E of this gas [ 82 1. The con- 
centration ne of free electrons and their collision frequency v with neutral parti- 
cles depends on fl and E .  

One of the methods of independent determination of ne and v is measuring 
the absorption of radio waves at  two different frequencies w1 and w2. The con- 
ductivity is determined by the well-known expression [ 82 1 

(1.29) 

For a relatively low density ne behind a shock wave (5.70 < e o )  the attenuation 
coefficient 5 for radio waves is 1821 

(1.30) 

nhere c is the speed of sound; 

(1.31) 
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From Eqs. (1.29) through (1.31) one can obtain the following relationship be- 
tween the absorption indexes tii and 6 ,  of radio waves with frequencies w1 and 
o2 and the plasma variables ne and $7: - 144 

(1.32) 

System of equations (1.32);uniquely defines the values of ne and Y, if ai ,  iS2, 

w and w2 are known. However, it is in general quite difficult to solve this 
system. We shall now consider a simplification of this system for a case when 
the second term in the expression for E is small as  wmpared with unity. This 
simplification can be made even before knowing the values of the quantities 
entering Eq. (1.31), since the second term is smaller than unity as  long as E is 
positive. If, however, this term becomes greater than unity, then E cannot be 
measured since then the radio waves are reflected totally and Eqs. (1.32) are  
no longer valid. 

1 

In the case when 0,3.10i0 n,(d + +)< 1, the radicand in Eq. (1.32) can be 
expanded in a power series and, by approximately determining the root, the ex- 
pressions for 6 take on the form 

Using th above two expressions one can easily determine ne 
function of v ,  c o i r  02, a i  and a2 

8 

(1.33) 

(1.34) 

n explicit 

(1.35) 



Substitution of ne from Eq. (1.35) into Eq. (1.34) determines the relation- 
ship between the sought quantity v and the experimentally determined 5 1  and 6,. 
For processing a large number of experiments i t  is possible to construct a 
nomogram of v as a function of 6 ,  and 6,. To determine v for one pair of values of 
' 5 ,  and 6, we have solved the system of equations (1.33)-(1.35) using successive 
approximations. 

Specifying some value of Y from the zero approximation ( E  = l ) ,  we find the 
value of n from Eq. (1.35). Then we substitute this value into Eq. (1.34) and 
check whether it satisfies this equation. This is repeated until v and n a re  
found which satisfy Eqs. (1.34) and (1.35) with the desired accuracy. 

e 

e 

In the general case the e r ro r  in determining v and n on the basis of 6, and e measured to within 16, and 16,  is 

(1.36) 

(1.37 

The values of 6,  and 8,could be measured in our experiments within 3-5%. 
This accuracy is lower than th;t with which 6 is calculated from Eq. (1.33) even 
when first-order infinitesimals are taken into account; for which reason for 
processing results in this given range of variables and for e r ror  analysis one 
may use the formulas of the zero approximation 

(1.38) 

(1.39) 

The greatest relative e r ror  in determining v and ne behind a reflected shock 
wave is, for example, for Mo = 6.6, E ,  = (:I,? and 

Since the equilibrium degree of ionization of a i r  when the temperature is 
varied from 3000 to 5000' varies by several orders of magnitude and the possible 
variation in the electron concentration in the nonequilibrium zone is also of 
several orders of magnitude, the accuracy of experimental measurement of v 
and n is satisfactory. 

= 0.3. 

e 
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When the radio-wave attenuation magnitude in our experiments became quite 
high (up to 25 db) it became necessary to calculate ne, v and uo from complete 
equations, without any simplifications 

where 

(1.41) 

In our case Eqs. (1.40)-(1.42) for two values of and 6. measured with 8 
and 16 mm waves were successfully reduced to the two equations 

where 

The electron concentration is determined from Eq, (1.42). 

It is expedient to estimate the maximum values of ne and a0, which can be 
measured using this method in the wavelength range of 1.6 and 0.8 cm. 

The maximum electron concentration is determined from 

(1.45) 

Whence 



The values of (ne)” and (00)~~. for the range of effective collision fre- 

quencies encountered in practice, with a minimum frequency of 18,750 Megacps 
a re  presented below 

v, l /sec . . . . 0.5.1011 IO*’ 5 .  10’’ 

( Q O ) , , , ~ ~  , m h o b  2.9 2.1 4.7 
t . 4 ~ ~ ~  . . . 5 . 2 ~ 1 0 ’ ~  7.  

Thus, for a gas conductivity of less than 1 mho/m the measurements are 
performed in a region far from the limit. 
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CHAPTER 2 

DEVIATION OF THE FLOW I N  A SHOCK TUBE FROM THE IDEAL 
WITHOUT CONSIDERATION OF THE PHYSICOCHEMICAL 

TRANSFORMATIONS IN THE GAS 

The limited volume in which the shock wave is forced to propagate in a 
shock tube results in the fact that the flow behind a plane shock wave is not one- 
dimensional. The interaction between the flow of gas carried away by the shock 
wave and the shock-tube wall results in the appearance of a boundary layer at 
the tube walls. Methods of calculating the boundary layer a re  presented in a 
large number of publications. Usually in calculating the boundary layer it is 
assumed that the pressure in the direction perpendicular to the wall is constant 
and that the velocity and gas-temperature fields in the wall-adjoining region are  
[self] similar. In calculating a boundary layer which arises in a flow about an 
infinite plate it is usually assumed that the appearance of the boundary layer 
does not affect the variables of the main body of the flow, which can be situated 
at any great distance from the disturbed region. 

The formation of a boundary layer in a gas flowing behind a shock wave in 
a shock tube has its peculiar features. As  the shock wave propagates the motion 
embraces increasingly new masses of the gas, with different sections of the 
flow behind the shock wave participating in the motion for different amounts of 
time. In addition, the formation of the boundary layer in the shock wave affects 
the gas variables in the core of the flow, since the shock-tube walls cannot be 
regarded as  infinitely distant from one another. The stagnation of flow near 
the wall changes the flow rate of the gas through the tube. The flow behind the 
shock wave undergoes energy losses which affect the propagation of incident as  
well as reflected shock waves. In order to determine the effect of losses due to 
viscosity and thermal conductivity of the gas on the flow variables of shock waves 
in a shock tube, we have performed experimental and theoretical investigations. 

1. Effect of the Boundary Layer on the Gas-Flow 
Variables Behind a Shock Wave 

Due to viscosity and thermal conductivity the flow of gas behind a shock 
wave differs appreciably from that predicted theoretically. A boundary layer 
forms on the shock tube walls as  the gas moves through the tube. On the wall, 
between the shock wave and the contact-surface, it acts as  an "aerodynamic" 
sink, through which the gas leaks out from the region of the ''plug..11 This ac- 
celerates the contact surface (which also means increasing the gas velocity near 
this surface) and reduces the distance between the contact surface and the shock 
wave as compared with the flow of inviscid gas. This distance tends to the 
limiting value of Lay, which is determined by the equality between the velocities 
of the contact surface and of the shock wave. Here the flow rate of the gas 
flowing into the shock wave is equal to W e  flow rate of the gas which moves be- 
hind W e  contact surface through the boundary layer. 

The effect of a laminar boundary layer on the flow variables of the gas in the 
plug and on the distance between the contact surface and the shock wave were 
studied experimentally and theoretically in [86-891, while the effect of a 
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turbulent layer is discussed in [90, 911. 
wave velocity varies along the tube, it is possible to find the variations in the 
flow variables behind a shock wave [92, 95, 961. 

Knowing the manner in which the shock- 

The character of the flow behind a shock wave in a shock tube varies along 
the tube [ 51. In the beginning, i. e., near the diaphragm, the wave passes 
through the so-called acceleration section, at which the plug behind the shock 
wave is formed and where it is accelerated. This is followed by a section of 
uniform motion, where the wave velocity remains practically constant. And 
finally, in a tube of sufficient length this is followed by a deceleration section 
where the wave velocity drops gradually. Due to the fact that the shock wave 
velocity is not uniform, the manner in which the boundary layer affects the flow 
variables is also nonuniform at different parts of the tube. 

The plug length at the acceleration section is relatively small and accordingly, 
the boundary layer near the contact surface is relatively thin. Under these con- 
ditions the effect of the boundary layer on the "external" flow (i. e. , on the flow 
outside the boundary layer) is relatively small and can be calculated by the 
method of small disturbances. The effect of the boundary layer on the external 
flow when the region of heated gas behind an incident shock wave is sufficiently 
small can be calculated by a method developed in [95J (method of linearization), 

In [ 92, 93 1 the attenuation of the traveling shock wave is attributed to the 
appearance of weak rarefaction waves, which a re  produced by the formation 
of the wall-adjoining layer; these waves overtake the shock wave and attenuate 
it. In these references were also obtained analytical expression for the variation 
in flow variables behind a shock wave and for its damping in cases when the boun- 
dary layer is either entirely laminar o r  turbulent. 
tion of a turbulent boundary layer a re  in good agreement with the experimental 
results of 98 1. 

Calculations on the assump- 

In choosing a given boundary-layer theory, proper consideration must be 
given to the expected character of the boundary layer. Usually this is done on 
the basis of the Reynolds number 

where p is the kinematic viscosity of the undisturbed flow, x is the distance 
from the shock front and v1 is the velocity of the flow relative to the walls. 

turbulent was  determined experimentally by many authors [99, 1001. For 
moderate shock-wave velocities Recr is found to be of the*order of 2-4- l o 5  for 
rough tubes and of 1-39 106 for smooth tubes, as was shown in [991. The tran- 
sition Re for strong shock waves is as high as 5.107. 

The critical Reynolds number at which a laminar boundary layer becomes 

In the more general cases, when sufficiently long tubes a r e  used, o r  when 
operating under conditions when the volume of the shock-heated gas is sufficiently 
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large, the boundary layer thickness at the contact surface becomes appreciable. 
Hence it is no longer possible here to calculate the effect of the boundary layer 
on the external flow by the method of small disturbances. 

References 189, 911 have developed a nonlinear theory of the interaction 
between the external flow and the boundary layer which take into account the 
effect of the changes of flow in the plug on the boundary-layer variables. In 
particular, this theory can be used to estimate the inhomogeneity of the flow in 
the plug at  the uniform-flow segment. This theory also makes i t  possible to 
determine the length of the plug as  a function of the distance from the diaphragm. 

It is assumed in the above studies that the main effect of the boundary layer 
on the behavior of the flow in the plug consists in leaking out of the mass into 
the enlarging boundary layer. It is assumed that for the uniform stage of shock- 
wave motion, the flow in the plug in a coordinate system moving with the front 
can be regarded as steady and isentropic., 

Let there be known a function V (x), where T'(s) = (p (z)u (r)/f) (P)tf (01 and 
( I t  (W, P (0)) are  the flow velocity and density immediately behind the shock, 
while u (x) and P (.r) are  the same quantities in a plug section with coordinate 
x. Then the variables inside the plug can be calculated using ordinary formulas 
for steady flow in a nozzle with an area ratio equal to A ( x)/Ao = 1 /V (x). 

It turns out [89, 911 that on some additional assumptions (the main of which 
is that the variation in P as  compared with u along the plug is small, which is 
ap roximately valid for large M) it is possible to find an integral equation for 

- /50 

V P 911 

n = 1/2 for a laminar layer and 1/5 for a turbulent layer. 

In Eq. (2.1) He(V) is a known function of 
V and Mo. As the first approximation we can 
take 

where the slowly-varying function of x is re- 
placed by a constant. It can be shown that in 
this approximation w e  will have 

Figure 14. Variation in the 
Flow Velocity Behind a Shock 
Wave as a Function of the 
Distance; u = 2100 m/sec. 0 

V(z) = 1 - X'", 
x = X I  I,, (2.3) 
l ,  = 1.1 (He$-''. 

Here 1 is equal to the 'fmaximumff length of the plug, i. e. , V (1 m) = 0. Thus, 
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calculation of V 
assumption (2.2 
larger &IO. 

Unlike [89, 
expression 

X)  = 1 - Xlen follows from the general equation (2.1) on . It can be shown that approximation (2.2) is the better, the 

911, 1 ~~ was  determined experimentally and then satisfying the 

i. e., requiring that the theoretical velocity of the contact surface (for lfk, the 
plug length, determined experimentally) be equal to its experimental value (u),. 

a theoretically calculated graph of the reduced velocity W (X)* (W(X) . .  = u (X)/ 
/ v =  (To being the stagnation temperature) in a coordinate system moving 

with the shock front. The calculations were made for an ideal gas with Y = 1.31 
(one pair of curves) and Y = 1.4 (second pair of curves). Curves denoted by L 
have been calculated for a laminar boundary layer, while those marked with z 
are for turbulent boundary layer. 

As an example of calculations using the method of [89, 911, Fig. 14 depicts 

Calculations similar to those depicted in Fig. 14 show that at the shock 
tube segment where the contact-surface velocity is close to that of the shock 
wave, the flow variables in the plug a re  quite inhomogeneous. In particular, 
under ordinary experimental conditions (M = 4-8) the flow velocity in a stationary 
coordinate system increases from the shock toward the contact surface by (10- 
20)cT. 

2. Experimental Data on the Etfect of Multi-Dimensionality 
of the Gas Flow in a Shock Tube On the Flow Variables 

The formation of a shock wave in a shock tube is not one-dimensional be- 
cause the diaphragm separating the high-pressure chamber and the duct does 
not open instantaneously, but during some finite time amounting to hundreds 
of microseconds [ 1011. The diaphragm is destroyed gradually and this results 
in a train of waves which overtake the first shock wave and interact with i t  and 
thus increase the time of final formation of the wave. A s  a rule, the diaphragm 
is distorted before it breaks and hence distorted waves are produced in the tube 
passage at  the initial propagation stage, these waves are reflected from the 
tube walls and give rise to a system of transverse waves. 
the diaphragm results in turbulizing the gas flow behind the contact surface. 
Turbulization of the contact region aids in amplifying the heat transfer between 
the hot gas of the plug and the cold driver gas. This heat transfer at the boun- 
dary of the test and driver gases is usually not taken into account in the shock 
tube theory. 

The initial stage of wave propagation in a tube is shown in Fig. 15 [1171. 

Gradual opening of 

One can see the distorted forward front which is gradually straightened out, one 
can also see the interaction between several disturbances which arise when the 
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breaks. The wave front is formed precisely in the process of this interaction. 
The structure of the flow of the driver gas on photographs of the initial stage of 
wave propagation usually differs sharply from the flow of the test gas, which 
arises behind the shock wave. It is possible to observe the manner in which the 
distance between the wave and the contact surface increases rapidly at  the early 
stage of plug formation. 

The shock wave velocity is at maximum at  distances of about 60 diameters 
from the diaphragm. At this tube segment the flow structure behind the wave 
also contains disturbances. Schlieren photographs of the plug have a char- 
acteristic pattern, i. e., the intersecting disturbances form a grid of a kind (see 
Fig. 4). The slope of lines forming the grid is the same as the slope of small 
disturbances, i. e., of Mach lines produced artificially in the flow. 

Figure 15. Shock Wave Near  
the Diaphragm. 

By measuring the velocity of the gas be- 
hind the shock wave on the basis of the velocity 
of a stria (see Section 5'of Chapter 1) we were 
able to obtain some data on the velocity vari- 
ation along the plug's length from the front 
to the contact surface and to estimate the 
inhomogeneity of flow variables behind the 
shock waves. The experimentally obtained 
points and the calculated curves of the 
possible flow-velocity variation along the pIug, 
which was made on the assumption of a lami- 
nar  (L) o r  turbulent (T) boundary layers and 
different Y (Fig. 14) in the flow is shown in 
Fig. 16. It can be seen that the flow velocity 
increases from the shock toward the contact 
surface by 18%. 

Figure 16. Comparison of the 
Theoretical and Experimental 

and the absolute velocities are satis- Flow Velocities Behind a Shock 
factorily described bytheory [911, Wave Front in Nz. The Initial 
but experimental data do not suffice Pressure is 20 mm of Hg,  Mo= 
for making specific conclusions on 
the nature of the boundary layer. 

The shape of the velocity curve 

5.18. 

In experiments with low wave Mach number and with temperatures at which 
there a re  practically no physicochemical molecular transformations, the MI, Mach 
numbers of the flow are  found to be above o r  equal to the theoretical value. 
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For a number of values of &lo of the flow the theoretical and experimental 

values have been presented in Fig. 17. The experimental conditions a re  pre- 
sented in Table 2.1. 

H, 

Figure 17. The Mach 
Number of the Flow as  a 
Function of hi0, the Mach 

Number of a Shock Wave 
in Air. Initial Pressure 

2.9s 
3.14 
3 34 
3 . i 4  
6-03 - 

i l  
i ,  4 
7.3 
8 . 5  
9 - 

TABLE 2.1  

3 
E 

1.39 
1.45 
l . i4  
1. i 9  
1. 53 

- 

- 

0 

5 
z - 

I .,39 
I .4'r 
1.50 
1.50 
1.75 - 

7.3-11 mm of Hg. The table presents theoretical values of 
M obtained by consideration of the excitation 1-Calculations With Con- 1 

sideration of Internal of internal degrees of freedom. The experi- 
Degrees of Freedom; mental values were obtained by measuring the 
2-Calculations for an M1 of the flow in the middle part of the plug, 

where they are  at maximum. The experiments Ideal Gas. 
were performed with low-pressure flows. Under 

these conditions the effect of multi-dimensionality of the flow on the flow param- 
eters is most pronounced. I 

I E?' 

Figure 18. The Slope of 
an Oblique Shock, Pro- 
duced on a Half Wedge 
Placed in a Flow Behind 
a Shock Wave as a 
Function of the Mach Num- 

~ 

ber of the Wave. 

Higher-than-expec ted Mach numbers in the 
flow were discovered when measuring the 
directions of Mach lines which arise at the thin 
edge of the half wedge with an angle of i"30 . 
The angle of inclinationP of the oblique shock 
which is produced in a flow of gas behind a 
shock wave about this half wedge yields ad- 
ditional information on the state of the gas in the 
shock tube. The relationship between the angle 
of inclination of an oblique shock at the wedge 
and the angle and velocity of the incident shock 
wave is determined by q, the mach number of 
the flow behind the shock wave and the ratio of 
specific heats Y- 

1-Calculated With Y = 1.4; 
2-Calculated on the Basis 

The curves on Fig. 18 denotes calculations 
on the basis of flow variables behind the shock, 
corresponding to conservation laws and cal- 
culations on the basis of the experimentally 

of the Measured M1. 
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measured Ml of the flow. The divergence between the curves reflects the 

previously discovered mismatch between the calculated and measured &Il of the 
flow. The experimentally obtained values of the angle of the oblique shock, 
which are shown as dots in Fig. 18 [sic] lie closer to the curve calculated on the 
basis of the experimentally measured values of M1. 

the claim that the Mach number in the flow behind a shock wave is higher than 
expected on the basis of theoretical calculations. 

This further substantiates 

The observed higher values of the Mach num- 
ber of the flow are a result of the increasing flow 
velocity which accompanies the enlarging of the 
boundary layer, since the flow velocity increases 
faster than the speed of sound, as this follows from 
calculations on the basis of theory of [ 91, 96 1. 

T, psec 

Acceleration of the flow behind a shock wave 
reduces the distance between the shock and the con- 
tact surface. The length of the plug in argon at 

- 1 mm of Hg is shown in Fig. 19. The theoret- 
ically calculated (curve 1) plug lengths were ob- 
tained on the assumption that the entire mass of 
gas contained in the duct between the diaphragm and 
the section coinciding with the beginning of the seg- 
ment being considered is contained in the plug be- 
tween the wave and the contact surface at the instant 
when the wave arrives in the observed segment. The 
experimental lengths of the plug are on the average 
1.5 to 2.5 fold smaller than the theoretical. 

Po - 

5 6 7 8 '  
U 

Figure 19. Compari- 
son of Measured and 
Calculated Distances 
From the Shock Wave 
to the Contact Surface 

in Argon. 
3. Features Peculiar to the Propagation of a 

Reflected Shock Wave in a Shock Tube 

The boundary layer behind an incident shock waves is responsible for a num- 
ber of peculiarities in the propagation of the reflected wave. As a result of the 
interaction between the reflected shock and the stagnated layer of gas near i ts  
wall, the wave front undergoes complex deformations. It breaks up into three 
shocks in the form of the Greek letter h. This phenomenon is called bifurcation. 

A bifuraction develops as follows (Fig. 20). After being reflected the shock 
wave is not distorted by the boundary layer. While moving it starts changing 
shape and finally forms a triple configuration near the side wall. Shock R 
which is inclined to the side wall is regarded- as propagating through the boundary 
layer. 

In our experiments the velocity of shock R was usually 50% higher than the 
velocity of the reflected wave proper. Behind the shock wave one can see clearly 
intense disturbances moving in the same direction a s  the shock wave, and their 
front, which was first quite sharp, starts to wash out. These disturbances are 
apparently produced by gas flowing from a higher-pressure to a lower-pressure 
region. 
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Figure 20. Formation of a Lambda Configuration in a Re- 
flected Shock Wave in Argon (a) and Carbon Dioxide (b). 

After passing some distance, which depends on the Y of the gas and the R I  of 
the incident wave, a s  well as on conditions under which the gas flow takes place 
(tube diameter, surface roughness), the foot of the branched shocks ceases to 
increase in size and the boundary of the high-pressure region is slowly de- 
celerated. 

The complex density distribution in the gas behind a reflected shock due to 
bifurcation is seen on the instantaneous interferogram (Fig. 20b) nhtained in [ 1311. 

This process in the x, t plane give a typical pattern of the reflection of a 
shock wave (Fig. 21). Tne middle, clearest line 1 corresponds to the motion 
of the reflected shock wave proper in the core of the flow. 
from the incident wave, corresponds to the propagation of the shock along the 
boundary layer, while line 3 ,  which is then scattered, corresponds to the motion 
of the boundary of the gas compressed by the shock wave in the boundary layer. 

The formation of the lambda configuration is given in [ 103 1 , which has cal- 

Line 2,  the first 

culated the pressure in the boundary layer and in the core behind a reflected 
shock. Figure 22 depicts the relationship PIPI  = f  (.If), obtained in 1031, where - /56 
p in one case in the pressure in the core behind the reflected shock p2, while in 
the other case it is pbal, the pressure in the boundary layer behind the reflected 
shock. In regions 1 and 3 the pressure in the boundary layer behind the reflected 
wave is higher than that in the flow core under the same conditions, and it can 
be assumed that the boundary layer passes continuously underneath the "footff of 
the shock wave into the region behind the reflected wave. In this case there is 
no bifurcation. 
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In region 2 the pressure behind the reflected wave 
in the flow core is higher than that for the boundary 
layer under the same conditions. It may be assumed 
that the gas flows into a region adjoining the shock 
wave's ''foot. f f  The reflected wave in split, forming 
a bifurcation region. The size of region 2 is a function 
of the ratio of specific pressures Y and becomes smaller 
as Y increases. The relationships between the size of 
region 2 for different Y and M of the incident wave are 
presented in E 1041. 

A detailed theoretical treatment of the A,- configuration 
on interaction between a reflected shock wave and the 
boundary layer in a shock wave is given in [1021. It is 
based on the fact that the usually considered unstable 
regions (resulting from viscosity and thermal conductivity) 
a r e  replaced by a mixing region and the interaction of the 
latter with inviscid flows is considered. It is specified 
that the frictional tensions at the boundaries of this 
newly-introduced region &re zero, and that the velocity 
and temperature component are equal to their cor- 
responding velocity and temperature components of in- 
viscid flows. 

Let us examine a scheme of an ).-configuration (Fig. 
23). Separation of the boundary layer results in accum- 
ulation of gas in region 3 and formation of shock wave AR. 
Intersection of AR with the reflected wave AL results in 
formation of shock wave AB. It is shown in 11301 that 
the density in region 3 is practically constant and may be 
lower than the density behind a reflected shock (region2). /57 

It is assumed in examining this scheme that near 
horizontal wall ox there exists a viscous flow which is 
described by equations of nonsteady free turbulence 
[ 1021 , above which flows an inviscid gas. 
thicknesses of the boundary layers a t  side wall ox are  
disregarded in analyzing the flow. In this case the two- 
dimensional unsteady flow of the gas and the unsteady 
mixing will be self-similar processes, while the inviscid 
flow in region 5 behind shock AR (in the coordinate sys- 
tem of point R . which moves at constant speed), will be 
steady up to disturbance AB which propagates toward 
this flow. 

- 

Thus, the 

Let us consider further the flow about point A. The intersection of shock 
waves forms a tangential discontinuity AM, on which it is necessary to satisfy 
the condition that PZ = P 4  and the requirement that the separating flows by parallel, 
i. e., u,1[u4- As a result of turbulent mixing there is produced the mixing region 
KAN. Detailed analysis given in [ 102 1 shows that the effect of mixing about A 
is not too great. 
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The dimensions of region 3 are determined 
from the following considerations. The small gas 
jet which adjoins the horizontal wall in the boun- 
dary layer behind an incident shock wave and 

again returns to the horizontal wall in point D. 
The coordinate of point D is determined by equa- 

to pressure p2 behind the reflected wave. 
forming the same considerations for the gas flow 
in the regions bounded by waves of the splitting, the 
authors of 11021 show that the velocity of the re- 
flected wave and the Dressure behind i t  should 

P& 

I which has separated from the wall in region 3 
~~~~ Y I 1  I 

.3 I 

z I  ?b.l. 
I ' I f  I ting the pressure in the gas jet under consideration 

Per- u f 2 3 4 5 6 7 M  

Figure 22. The Pressure 
in the Boundary pb.l 

Laver and D, in the Flow 
' Z  

Core Behind a Reflected 
Shock Wave, Referred 

decrease in direct proportion to the distance 
passed by the wave. 

The presence of the appreciable heat flux 
produced by the heated gas moving toward the 
walls should result in changing the flow variables 
and the velocity at which the shock wave propa- 
gates. The energy loss as a result of this heat 
flow should have its most pronounced effect on 

1.4). the propagation of the reflected wave. In order 
to estimate the effect of heat losses attendant to 

to ply the Pressure Be- 
hind an Incident Shock 
Wave, a s  a Function 
of the Mach Number of 
the Incident Wave (Cal- 
culated for a Gas With, = 

reflection of shock waves in tubes and their part in the total energy of the flowing 
gas, we have performed special experiments. 

The heat flux magnitudes were obtained 
by recalculating the dependence of the s u r -  
face temperature of the shock tube channel 
a s  a function of time, which was  measured 

-c by means of resistance thermometers. In 

meter was installed in the side wall  of the 
viewing section at different distances from 

X " ' /  " , ' ,  ' '  '*i .' 
flux in the boundary layer behind the incident 

Figure 23. Splitting of a Re- and reflected waves. In the second series 
flected Wave into Three Shocks the resistance thermometer was installed in 
and Formation of the &Config- the center of the tube's butt, flush with its 

I the first series of experiments the thermo- 

c the end. In this case we obtained a heat L' .,: ,,,,,,,, , 

uration. surface. 

Measurements of heat fluxes to the tube walls on reflection of shock waves 
showed that the energy loss for heating the wall is 1-2% of the total energy of the 
incoming flow. 

The effect of the total energy losses on the velocity of the shock wave was 
estimated in a series of experiments with reflected shock waves in nitrogen with 
thermally conducting and nonconducting butts [of shock tubes]. 
incident waves was in the range of 1400-3500 m/sec with initial pressures of 3 
and 12 mm of Hg. 

The velocity of 
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In nitrogen at 1000-4000" no physicochemical molecular transformations take 
place with the exception of excitation of vibrations. The relaxation time of mo- 
lecular vibrations at the temperature behind a reflected shock wave for an inci- 
dent wave velocity of 1400 m/sec is about 200-600 microseconds 151, i. e.,  it is 
greater than the time during which the gas is in the heated state, which is limited 
by the instant of collision between the reflected wave and the contact surface. 
At incident wave velocities in excess of 2100 m/sec this time becomes less than 
4 microseconds if the initial pressure is po = 12 mm of Hg, and less than 12 
microseconds in the case of po = 3 mm of Hg, i. e . ,  it  is smaller than the ulti- 
mate time resolution of the setup, 

Thus, in experiments with nitrogen for incident waves with hI > 6, the propa- 
gation of the shock wave should be steady-state and should take place at a velocity 
corresponding to complete thermodynamic equilibrium of the gas. 
conditions it is possible to use the experimentalvalues of the velocity of the re- 
ilected shock wave for estimating the total velocity losses. 

The experimental results a re  depicted in Fig. 24. The dependence of the 
velocity of the reflected wave on the velocity of the incident wave under condi- 
tions of complete thermodynamic equilibrium is given by curve 1, while for the 
case when the gas is assumed to be ideal, i t  is given by curve 2. 

Under these 

The velocity of the reflected wave in the immediate vicinity of the tube butt 
(thermally insulated and made from metal) is in satisfactory agreement with the 
calculated values only for M < 4. For larger M the scatter of experimental points 
increases and their average value is by 10-12% lower than that obtained theo- 
retically. This leads to the conclusion that the reflection of a shock wave under 
experimental conditions involves losses which reduce the speed of the reflected 
wave by 10%. This is taken into account in analyzing the results which are based 
on determining the reflected-wave velocity. 

- /59 

The reduced reflected-wave velocities are  apparently attributable to the re- 
construction of the flow behind the reflected wave as a result of its interaction 
with the boundary layer [ 102 1.  

The reflected shock wave propagates through a gas which was set into 
motion by the incident wave, In the case when the flow of this gas is inhomo- 
geneous, the velocity of the reflected wave should be variable. As was pointed 
out above (Section 2) the velocity of the gas and the Mach number increase along 
the plug. The velocity of the gas behind the reflected wave relative to the wall 
is zero. The gas which moves at a high velocity can be stopped by a stronger 
shock wave, i. e. , by one moving at a higher speed. This follows from the law 
of conservation of energy. Consequently, increasing the gas flow velocity be- 
hing a traveling wave should result in accelerating the shock wave reflected 
from a straight butt. 

In fact, when measuring the velocity of the reflected shock wave we have 
noted an increase in the velocity of this wave near the contact surface which 
in some cases was as much as 30%. 
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of a Shock Tube in N2 as a Function 
of the Mach Number of the Incident 

Wave. 



CHAPTER 3 

GASDYNAMIC FLOW VARIABLES BEHIND A SHOCK WAVE IN A 
GAS UNDERGOING RELAXATION 

1. Mach Number of the Flow and the Thermodynamic Variables of 
the Gas Behind Shock Waves Propagating in C02, N2& 

0, at Velocities of 1500-3000 m/sec 

/ 6  0 At the high temperatures which are  produced behind shock waves, the gas - 
molecules undergo physicochemical transformations. The internal degrees of 
freedom of the molecules are excited, dissociation ensues, new compounds 
form and the gas is ionized. All these processes affect the gasdynamic variables 
oi the flow behind the shock wave. The extent of the effect of the physicochemical 
transformations on the flow variables of the gas is determined by the degree of 
molecular transformation. In the flow behind strong shock waves the degree 
of molecular excitation is high and the equilibrium excited state is reached 
rapidly, since the relaxation time of excitation processes at high temperatures 
is small. The gas variables reach their equilibrium values in fractions of micro- 
seconds. 

However, each gas has a temperature range (and correspondingly, a range 
of values of Mo, the Mach number of the wave), for which molecular excitation 
has an appreciable effect on the flow variables, and at the same time the 
excitation process duration is of sufficient length, comprising tens and hundreds 
of microseconds. Under conditions which have corresponding to them large 
relaxation times the gas flow is determined by nonequilibrium variables. The 
flow structure under these conditions is highly variegated. This consists, in 
particular in the fact that at small distances from the source the small distur- 
bances propagate at a speed equal to the high-frequency speed of sound [ 13, 14, 
18, 115, 1271. The thermodynamic variables of the gas under these conditions 
can be determined by measuring the gasdynamic flow variables. 

In the given chapter we consider N2, O2 and C02 as characteristic examples 
of gases where the relaxation process has an appreciable effect on the flow 
variables. 

One of the variables which depends appreciably on the thermodynamic state /61 - 
of the flow is M1, the Mach number of the flow. The angle of inclination of 
a small disturbance in the flow, which is determined by the ratio of the flow 
velocity to the speed of sound, has different values depending on the extent of 
molecular excitation, 

The velocity of the flow behind the shock wave (in the laboratory [stationary] 
coordinate system) is greatest for a completely equilibrium state behind the 
wave. It differs from the values corresponding to the "frozen" state by up to 
10% of the equilibrium value (for Mo = 11). We define a completely equilibrium 
state of the flow as such for which the extent of excitation of internal degrees of 
molecular freedom and the molecular dissociation corresponds to the translational 



z 
mation (w = 672 cm-l) vibrarions in the temperature range of 1500-3000°K are  ex- 
cited during a time T~ = 1-3 microseconds (see, for example, [291). 

2 

Different excitation times for symmetrical valent vibrations in the above 
temperature range were obtained by different authors. Some 1112, 1201 assume 
that at least to 2.330’Ii the valent vibrations are excited during a time by m order 
of 1.5-2 greater than T I .  while others [ 121, 1221 report that excitation of defor- 
mation and valent vibrations should take place almost simultaneously in the above 
temperature range. 

The flow variables behind a shock wave in C02 for states with different de- 
grees of molecular excitation were calculated using the laws of conservation of 
momentum and energy and the equation of continuity together with the equation of 
state. Using the known value of the enthalpy a s  a function of the temperature, it  
is possible to calculate all the flow variables behind the wave, if the initial state 
of the gas is knoiv~~. The enthalpy is calculated on the assumption that the C02 
molecule, being linear, can be regarded, on consideration of excitation of rotation 
and vibration, as a rigid rotator and harmonic oscillator [ 118 1. 

The slope of the Mach line in the flow is determined by the ratio u/a. The 
speed of sound a depends on the composition, temperature and state of excitation 
of the internal degrees of molecular freedom and on the extent to which these va- 
riables differ from the initial variables during the propagation of the sonic signal. 
The speed of sound drops as equilibrium is approached. The equilibrium speed 
of sound ao, which corresponds to a fully equilibrium flow, differs from the fro- 
zen speed of sound by up to 35% of its value in the flotv behind the wave with 
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temperature of the molecules,, 
molecular rotations are excited in equilibrium with the translational temperature 
and there is no excitation of vibrations and dissociation on passing through the 
shock. 
transition through the shock to the frozen state corresponds to a process with a 
specific heat c 

The frozen state is defined as such in which 

For the diatomic N2 and 0 molecules and for the triatomic CQ2 molecule 2 

= 7/2 R (and 1’ = c /c 
P P V  

= 1.4). 

Between the above extreme cases we consider partially frozen cases which 
correspond toi a)  absence of dissociation and complete excitation of vibrations 
for molecules of N2, O2 and (IO2; for the CQ2 molecule in addition to b) absence 
of dissociation and excitation of two kinds of vibrations, i. e. , deformation and 
symmetrically valent with vibrational numbers u2 = 672.2 and w1 = 1351.2 
respectively and c)  absence of dissociation and excitation of only one kind of 
vibrations with e2 = 672.2. 

The state of the flow behind shock wave with C02 was considered in [ 120- 

The dissociation and excitation of internal degrees of freedom of C02 molecu- 

122, 106-1121. 

les is appreciable a s  early a s  at 2000-3000-K. Data are available about highly 
different relaxation times for the excitation of vibrations of CO, molecules. Defor- 
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Mo = 11. 

of the flow of COS calculated for the pro- 

posed states with maximally different de- 
grees of molecular excitation, will differ 
by up to 4045% for Mo = 11. This dif- 
ference, naturally, becomes smaller for 
smaller Mo. 

culated curves of M1, the Mach number 
of the flow as a function of Mo, the Mach 

number of the incident wave, in CO 

Consequently, the Mach numbers 

Figure 25 shows theoretically cal- 

2' 
Only two states of the flow were con- 

sidered for O2 and N2. The case of com- 
plete equilibrium was treated on the basis 
of data calculated in [ 119 1. The state of 
complete equilibrium for Mach numbers of 
the flow up to 8 practically corresponds to 
the state with completely excited vibrations, 
since the degree of dissociation under these 
conditions is low and i t  does not appreciably 
affect the flow variables. The second state 
of the flow considered was the fully 
frozen state. It is calculated on the basis 
of relationships across the shock with Y =  
1.4, without consideration of any molecu- 
lar transformations. 

Figure 25. Theoretical Curves 
of MI, the Mach Number of the 
Flow, as a Function of Mo, the 
Shock-Wave Mach Number, on 
Different Assumptions on the 
Degree of Excitation of the Gas 
Molecules Behind a Shock Wave 

1-Equilibrium Speed of Sound 
in an Equilibrium Flow; 2-All 
Kinds of Molecular Vibrations 
in the Flow Subjected to Equi- 
librium Excitation, the Speed 
of Sound is Calculated Taking 
into Account the Excitation of 
All Kinds of Vibrations in the 
Acoustic Wave; 3-Deforma- 
tion and Valent Symmetrical 
Vibrations in the Flow Subjected 
to  Equilibrium Excitation in the 
Flow and in the Acoustic Wave; 
4-All Kinds of Molecular Vi- 
brations in the Flow Subjected 
to Equilibrium Excitation, 
Use is Made of the Frozen 
speed of Sound, y = 1.4; 5-Vi- 
brations Corresponding to 01 
and wg are  Subjected to Equi- 
librium Excitation, U s e  is Made 
of the Frozen Speed of Sound, Y =  

1.4; 6-Only Vibrations Corre- 
sponding to w2 a re  Subjected to 
Equilibrium Excitation, the Fro- 
zen Speed of Sound is Used, Y = 
1.4; 7-Calculated on the As- 
sumption of Complete Absence 
of Vibrational Excitation in the 
Flow and the Acoustic Wave. 

in c02: 

The agreement between the experi- 
mentally obtained Mach numbers of the 
flow with one of the theoretical curves 
can be apparently regarded as proof of 
existence of this state of the flow, on the 
assumption of which the given curve has 
been calculated. 

2. Velocity of the Flow and the Rate 
P rowa t ion  of a Small Distur- 

of 
_. 

Velocity of the Flow and the Rate 
Propagation of a Small Distur- 

bance in the Flow Be- 
hind a Shock Wave 

bance in th 
hind a Shock Wnve 

It is obvious that any hypothesis about 
the state of the gas based on measuring 
variables such a s  the Mach number of the 
flow [28, 106, 107, 1131, the angle of the 
oblique shock [28, 1141 which arise at  
an obstacle placed in the shock tube, o r  
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velocity of a wave reflected from the end of the tube [ 108-112 1 can be sufficiently 
reliable only in the case when the problem of the velocity with which a small 
acoustic disturbance propagates in a flow of a gas under relaxation is uniquely 
solved. 

It is known that the speed of sound in a medium under relaxation depends 
on the frequency. An acoustic signal with a complex frequency composition is  
dispersed. At  frequencies close to relaxation frequencies of the medium's 
molecules one observes anormally high (from the point of view of classical 
acoustics) absorption [ 115, 1l6 1 . 
with the equilibrium speed of sound, while high-frequency signals, which move 
at a frequency exceeding that of relaxation processes in the gas, have a "frozen" 
speed of sound. 
the passage of the acoustic sib-al, then the speed of the high-frequency signal 
is determined from the ratio 3f specific heats 1' == 1.4 

Low-frequency acoustic signals propagate 

If sufficient time is not available for molecular excitation during 

The rate of propagation of small disturbances was determined in experi- 
ments in  a shock tube with C02, N2 and O2 with Mach numbers of the wave of 
3-11. 

An obstacle - half wedge - with an opening angle 0 == IC - I.-)' was placed in 
a shock tube 40 x 40 mm2 in cross section at a distance of 270 cm from the 
diaphragm. One generatrix of the half wedge was placed parallel to the axis 
of the flow on the edge of the half wedge. A disturbance, whose angle of incli- 
nation (Mach angle) was determined by the ratio u/a of the velocity of the flow 
to the local speed of sound, appeared on the side of this generatrix. The Mach 
angle could be measured directly from schlieren photographs obtained with high- 
frequency spark photography (Fig. 26), as well as by single-frame photography 
(Fig. 27). This value c-an also be determined by recording the pattern of the 
flow about the obstacle by continuous scanning (Fig. 28). On the arrangement 
for recording this process (see Fig. 1, Chapter 1) a re  denoted distances which 
can be measured to determine the Mach angle. In accordance with notation on 
Fig. 1, the Mach angle is given by 

I A x  
a =1 a r c t a n x ,  (3.1) 

where 

1 
k 

A L  = A / ' - ,  

and k is the reduction factor on photo-recording of the process. 

When the process is recorded by photographic scanning the measurement 
accuracy is somewhat lower than when using high-speed photography, but when 
the screen with the slot and the apertures a re  carefully positioned relative to 
the obstacle placed in the tube, the experimental data a re  sufficiently reliable 
even in this case. The Mach numbers of the flow determined on the basis of the 
experimentally obtained angle a from the expression M1 = l /sin Q are shown in 
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Figure 26. High-Frequency 
Frame Photography of the 
Flow About an Obstacle 
Behind a Shock Wave in 

c02. 

Fig. 29. The theoretical curves of M1 vs  Mo 

for N2 and O2 were taken from [ 119 1. Figure 
29a depicts two theoretical curves of M1 = 

t (M ) behind shock waves in nitrogen: curve 1 

corresponds to complete equilibrium, while 
curve 2 is for the case of frozen molecular 
vibrations. It is assumed €or both curves 
that the ratio of specific heats C /Cv in the 
acoustic wave (let us call i t  

0 

P 
is 1.4. 

In Fig. 29b the theoretical curve 1 and 2 
correspond to complete equilibrium, but Ya 
used for curve 1 is that at equilibrium, while 
for curve 2 it is equal to 1.4 

Figure 29c shows four theoretical curves. 
They correspond to Mach numbers calculated 
on the assumption that all kinds of molecular 
vibrations a re  undergoing equilibrium ex- 
citation in the C02 gas, there is no dissocia- 
tion, while the speed of sound is low-frequency 
for curve 2 and high-frequency for curve 4. 
Curves 3 and 5 show the theoretical relation- 
ship between M1 and Mo on the assumption that 
time is not available for excitation for asym- 
metric valent molecular vibrations in the flow, 
curve 3 corresponds to eauilibrium speed of 

sound, while curve 5 corresponds the the frozen speed of sound (see also Fig. 
25 in Section 1 of present chapter). 

The experimental values displayed in Fig. 29, obtained by high-speed (black 
dots) or continuous photography a re  in satisfactory agreement. Continuous re- 
cording of the process, which is somewhat inconvenient with respect to deciphering 
of results, makes it possible to follow the position of the Mach line over the entire 
length of the plug. This kind of observation is particularly interesting in C02,  

since high-speed schlieren photographs show inhomogeneities in the flow density. 
When the frame is exposed to the flow during a short time period (about 3 micro- 
seconds) and the number of "working" frames is relatively small (3-4) the mea- 
sured Mach angle may turn out to be different from the average value which is 
determined by the thermodynamic state of the flow. Photographic scans show 
that the trace of the Mach line in C02  is wider and subjected to greater fluctua- 

tions than4he traces in N2 and 02. The increased trace width in C02 corresponds 
to flow inhomogeneities. The average distance AZ between the reference line and 
the trace of the Mach line remains practically constant over a length of 2/3 of the 
total size of the plug in C02,  as  well as in Nz and 02, 
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Figure 27. 
About an Obstacle Using a Flashing Light 
Source in N2 (a); in O2 (b); in C02 (c). 

Single Photograph of the Flow 

The pattern obtained during the first  15-30 microseconds should not be con- 
sidered, since it corresponds to unsteady flow and to the region near the contact 
surface, where apparently, the effect of the driver gas is felt. 

In the Mach number range of Mo = 3-7.5 the flow velocity behind the shock 
wave was  determined by following a s t r ia  which was produced in the flow by a 
spark discharge (Section 5, Chapter 1). 
in the flow behind the wave. 
within 2%. The theoretical and experimental flow velocities in N 

a re  shown in Fig. 30. The curves of Fig. 30a and b are for the following: 
curve 1 (a) corresponds to the assumption of frozen vibrations in N2, curve 1 

@) corresponds to the state of complete equilibrium in 02. 

Curves 2 in Fig. 30a and b and curve 1 in Fig. 30c give the theoretical 
values of the contact surface velocity in the regime of “maximumtf plug length, 
i. e. , maximum value for the flow velocity under this regime. 

Figure 28 shows these schlieren striae 
Using this method the velocity was determined to 

O2 and C 0 2  2’ 
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Figure 28. Continuous Photographic Scan of Flow 
About an Obstacle in a Shock Wave in N2 (a); O2 

W-Denotes the Shock Wave; M-is the Trace of 
the Mach Line and Si is the Trace of the Stria. 

(b); cos (c): 

I I I I ' LO' I I I I 

C. 
45 I 1 1 1 I "  I .. I 

.. @; t *: 6. I ?: ;Ao 
Figure 29. Curve of MI, Mach Number of the Flow as 
a Function of Mo, Mach Number of the Shock Wave in 

N2 (a); O2 @) and C02 (c). The Points Denote Experi- 
mental Values. 



The velocity m C02  (Fig. 30c was calculated for the state with fully 

excited vibrations - curve 2; and with asymmetric valent vibrations not excited - 
curve 3. The measured M and u can be used to calculate the speed of sound since 
c = u/M. 

The speed of sound was also measured by another method. By continuous re- /fi8 
cording of the flow about the obstacle (Fig. 28) it is possible, in addition to 
determining the Mach number of the flow, to measure the rate of propagation of 
the acoustic signal in the flow of gas behind the shock wave. It is also possible 
to determine the average rate of propagation of an elementary disturbance at  a 
distance from the forward edge of the half edge to the point where the screen's 
slot is situated (we shall denote this velocity by a). This path is traversed by the 
signal during a time which can be determined from a photograph of the process. 
It corresponds to a time interval At from the start of flow about the wedge to the 
appearance of a disturbance in the screen's slot. A s  a result we get (see Fig. 1 
of Chapter l), that 

As As 
At A S 0  ' a=-=- 

(3.2) 

where o is a coefficient related to the velocity of the film and making it possible 
to determine the duration of the process by the length of its trace on the film. 

ur,m/sec a 

b 

Figure 30. Flow Velocity r:1 as 
a Function of MQ of the Shock 
Wave in N2 (a); in 0 2  (b) and in 
C02 (c). The Dots Denote Ex- 

perimental Values. 

Figure 31 shows variations in the speed 
of sound in the flow behind a shock wave a s  
a function of the wave's Mach number. The 
theoretical curves are numbered in the same 
sequence as in Fig. 29. Curve 3 on Fig. 
31 b corresponds to the state of the flow of 
O2 with completely excited vibrations and 

frozen dissociation. 

The accuracy of experimental deter- 
mination of M, u and c! is 

Comparison of experimental data and 
theoretical curves makes it possible to 
arrive at  some conclusions about the state 
of the flow and the magnitude of Y 6  in the 
sonic disturbance behind shock waves in N 
O2 and C 0 2  for 3 < AI,, < 7. 2' 

1. The state of the flow is described a s  
follows: molecular vibrations in N2 a re  frozen 
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Figure 31. The Speed of Sound 
in the Flow Behind a Shock 
Wave as  a Function of the Mach 
Number of the Wave in N2 (a); 

02 (b) and C02  (c). 

I in the range 3 < Mo < 6 transition to 
vibrational equilibrium ensues when M = 7; 
in O2 a fully equilibrium state is achieved, 
while asymmetric valent vibrations are 
frozen in C02. 

The ratio of specific heats in the 
acoustic disturbance is 1.4 at a distance of 
10-20 mm from the source of the distur- 
bance. 

3. Structure of me Mach Line of a Gas 
Undergoing Relaxation In the Approxi- 

mation of Geometrical Acoustics 

It is well known (see, for example, 
[ 1271 ), that the system for equations of 
f1relaxational” gasdynamics (i. e. , of gas- 
dynamics which take into account the ex- 
citation of internal degrees of molecular 
freedom) can be written in the form - /69 

Here E is some relaxation parameter, c, (p, S, E )  is the internal energy of a 
unit mass; Eq. (3.4) is the relaxation equation; Eq. (3. 5) defines the rate of 
increase of the entropy (which is different from zero for (dE,/dt) f Ck> and K is 
some phenomenological function of state. 

The above system of equations describes the state when it is possible to 
disregard not only the viscosity and fftranslationalff thermal conductivity (i. e. ,  
the ordinary thermal conductivity due to translational degrees of freedom), but 
also those relaxation transfer coefficients which arise on the transport of quanta 
of internal excitation (see, for example, the discussion of relaxation thermal 
conductivity in [ 123, 1241 ). 

physical situation by Eqs. (3.3)-(3.5), several authors (for example, 114 , 127 1 ) 
have made a study of the structure of the Mach line in media undergoing re- 
laxation. 

On the assumption of validity of ffpureff relaxation, i. e. ,  of describing the 
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It was shown that in these media the Mach line "spreads1' into an entire 
region (namely, cone AOB in Fig. 32). 
that in cases of (x, y) -+ C and (x7 Y) + ĥ  the structure of the distrubance region 
(produced by a source in x = y = 0) is such, that there exists a clearly expressed 
maximum of disturbance, localized along the frozen Mach line (line OA , Fig. 32) 
and accordingly along the "equilibrium" Mach line (the latter being line OB). Let 
us clarify these assertions. 
p,,. (5)  (p,,, ( 5 )  = P (2, YO) and Pis the density) for large !:<t ( 1 / ! b - S  I ) ,  1 = ('h ( a , j / a O ) l .  
This function is represented in Fig. 33, a. It can be seen that after the real dis- 
continuity which passes along the frozen Mach line 11251 there starts a region of 
smooth transition ("washed out discontinuity") into continuous flow behind the 
disturbance region (to the r.ight of OB). We note concurrently that the amplitude 
of this discontinuity decreases with an increase in y. 

In Fig. 33, b presents function dp,* (x) /ds .  

It was also clarified in these studies 

For  this we consider the character of the function 

The region of values of (x, y) in 
which C: ( J ,  Y) =,, 0,  can be called the region with nonzero disturbance strength*. 
In particular, when yo + co the greatest disturbance strength passes along the 
equilibrium Mach line. 

/ T O  - 

When yo + O ,  function Pc (2) approaches a 9-shaped shock 

(3 .6 )  

here x (y) is the equation of the frozen Mach line. 
03' 

Thus, relaxation gasdynamics does not allow the concept of a Mach line 
as a one-dimensional region along which the entire disturbance is transported. 
Nevertheless, the structure of the Mach line for large yo (Fig. 33) is such 
that it is possible to give an averaged description of the disturbance region by 
means of some "effectivetf Mach line, as a region along the disturbance is most 
effective in one sense o r  another. For example, it is possible to define the 

*For  clarity we will somewhat smooth out the front of the disturbance 
along the frozen Mach line. This does not effect the validity of the subsequent 
presentation. 



effective Mach line as a line along which the maximum of the disturbance is trans- 
ported (inside AOX) 

(3.7) 

A s  previously, the effective Mach line thus defined coincides at large distances 
from the source of the disturbance with the equilibrium Mach line. It is also 
possible to define the effective Mach line a s  the locus of tfcenters" of the distur- 
bance (for each given y) 

When thus defined the effective Mach line will everywhere lie above its equi- 
librium counterpart. This can be shown by using Fig. 33, b (the disturbance 
across the front of the Mach line is not shown in the figure). In fact, the fact 
that the amplitude of the shock across the front of the disturbance is finite is 
responsible for the fact that xef is displaced somewhat to the left of the point 
corresponding to maximum disturbance along the equilibrium Mach line. 

Reference [126] uses still another definition of the effective Mach line, 
which is quite close to definition (3.8). Use is made there of the approxi- 
mation of geometric acoustics. In accordance with this the Welocity" (dyef/ 
dx) with which the effective %enterff of the disturbance (represented in the 
form of a wave packet) propagates was equated to the group velocity 

'+/,f(Z)/dZ) = (aolaa). 

Here 75: and R are  usually expressed in terms of eikonal $of field P 

(3.9) 

(3.10) 
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Figure 32. Effective 
Mach Line (M); Line 
OA Represents the 
Frozen and Line OB 
the Equilibrium Mach 

Line. 

The starting equation for solving the above problem 
is 

i. e. , the Prandtl-Glauert equation for a gas under- 
going relaxation in the integral form [ 1261. This 
equation (in another, nonintegral form was used in 

M in Eq. (3.11) can be called the "operator Mach 
number. '' 

p n y  other studies, for example [ 125 1 . Operator 

In fact, the result of operating this operator on 
exp(i wx) will be expressed in the form [ v/a ( w )  1 exp - .  1 

(i wx), where a(w) is the ktmwn complex speed of sound in the gas undergoing 
relaxation (see, for example, 1681 ). 

From here on we restrict ourselves to the re- 
gion of hyperbolic equation (3. ll), i. e., the region 
of M,m > 1. This limitation is not excessively 
restrictive', since the majority of experimental work 
is performed in namely this region. 

The equation defining the shape of the effective 
Mach line can be derived from Eq. (3.11) in the 
approximation of (3.9) and (3.10). As a result we get 

I I  

dY,f(4 (3.12) 
Jef 3 

(LIZ- I )  [-4 = 1. 

p,' ~~~ 

Figure 33. "Section 
Through the Distur- 
bance Region F a r  
From the Source. 

Mach line in a medium undergoing relaxation 

Direct solution of the above equation (in region 
Ma >1) yields the following shape of the effective 

when Z > O  and 

(3.14) 

55 



when r = 0 ,  with q and p which enter Eqs. (3.13) and (3.14) defined as 

p = [(M& I)/(&&- I)] (1 / l ) ,  

q =  [ l / (~l~~-l)]- [~/(~l~-l) l .  
(3.15) 

Let us discuss the solution obtained. First  of all, it follows from (3.13)- 
(3.15) that in the limiting cases (r -+ 0,  5 > 0) and (z * =, x >0) the direction of 
the Mach line coincides asymptotically with the directions of the frozen and 
equilibrium Mach lines. 

The effective Mach line proper (M in Fig. 32) approaches, when z -+ O C ,  

some straight line, which is parallel to the equilibrium Mach line and lies above 
it (CD). 

Thus, in the approximation of (3.9) and (3.10) the relaxation structure of 
the Mach line is described by averaging, i. e., by means of an (one-dimensional) 
effective Mach line. This latter line can be interpreted as the path of some 
'fquasiparticle", which is comparable to field P in the geometric acoustic approxi- 
mation defined by Eqs. (3.9) and (3.10). In the beginning (at 5 - 0) the velocity 
of this quasiparticle is (1 / VNL - I), then (as 5 -+ cc) a part of its translational 
energy is converted into excitation of internal degrees of freedom and the velocity 

[-T- 
drops to (1 / 1 hI; - 1). However, this velocity is nowhere lower than the latter 
expression for which reason the path of this quasiparticle lies above the equilibrium 
Mach line. 

Further, as T -+ 0 we obtain an equilibrium Mach line, and when T -+ oc , we 
get a frozen Mach line. In conjunction with this we shall dwell briefly on the fre- 
quently discussed assertion that lines of propagation of small disturbances do not 
exist in relaxation acoustics (see [ 14, 1151 ). In fact, the characteristics of Eq. 
(3.11) are defined as 

(3.16) 

i. e., for an as small as  desired (but nonzero) 5 the characteristics differ by a 
finite value from the equilibrium characteristics. This takes place not only in 
relaxation gasdynamics; this effect is sometimes counted among the "asymptotic" 
paradoxes of hydrodynamics. 

The correct interpretation of this paradox, in our opinion, consists in the 
fact that a discontinuity at r == 0 would have only been paradoxical for an effective 
Mach line. Actually the 
the effective Mach line, and not along the characteristic. The characteristics, 
on the other hand, define the forward front of the disturbance and in this sense 
determine the velocity of propagation of the t'signal" as a quantity which does 
not depend on its strength. 

__ /73 

of the disturbance energy is transported along 
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Let us now briefly discuiss the limits of applicability of the solution obtained. 

1. Within the limits of starting equation (3.11) the solution obtained is valid 
for any 
taken into account nonlinear corrections to Eq. (3. l l ) ,  as in the case of the ordi- 
nary Prandtl-Galuert equation. 
ment using supersonic flow velocities was not of substance. 

> 1. However, actually when (No, hI,) - 1 R’e should have immediately 

This limitation under conditions of our experi- 

2. It was already mentioned previously that the validity of the starting sys- 
tem of equations (3.3)-(3.5) and, consequently, also of Eq. (3.11) is limited to 
the region of pure relaxation and disregarding the additional (relaxation) parts of 
the transport coefficients. The effect of increasing the thermal conductivity due 
to relaxation is of particular interest [ 123, 1241. 

3. Solution (3.13)-(3.15) assumes that there exists only one relaxation time. 
In the meantime the establishment of thermodynamic equilibrium behind an inci- 
dent shock wave (as that of propagation of small disturbances) has under our con- 
ditions at least two relaxation times: the time (T,) of rotational relaxation and the 
time ( T c )  of vibrational relaxakion. 

If, a s  usual, r r  4 T~ and there is practically no interaction between rotation and 
vibrations, then the effect of rr can be approximately estimated using (3.13)-(3.15) 
for frozen vibrations. Then we m i l l  get an estimate of the starting shape of the 
effective Mach line, Usually T, is very small, for which reason also the rota,tional 
equilibrium is achieved at a very small distance from the source. 
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CHAPTER 4 

REFLECTION OF NORMALLY INCIDENT SHOCK WAVES M 
REACTING GASES 

1. Unsteady Propagation of a Reflected Shock 
Wave in a Reacting Gas 

If the reactions taking place behind a reflected shock wave are  nonequilibrium, /74 
then their development with time may introduce quantitative features into the pro- 
cess of reflection of the wave. A reaction which does not succeed in reaching 
equilibrium in gas regions near the front of the reflected shock wave develops in 
gas regions near the end. These are heated by the reflected wave before others. 
This produces changes. in time in the boundary condition at the reflecting surface, 
for which reason on the propagation of the reflected wave becomes unsteady. The 
study of propagation of reflected waves i.11 reacting gases is of great interest from 
this point of view. In addition, measurement of flow variables behind reflected 
shock waves and the velocity of propagation of the reflected wave may yield 
information on the total rates of relaxation processes which take place in the test 
gas at elevated temperatures. 

However, phenomena produced by bifurcation and energy losses attendant to 
reflection in a shock tube strongly distort the pattern of unsteady propagation of 
the reflected wave and also modify the variables of the heated gas (see Chapter 2). 

In the present chapter we present studies of changes of the reflected wave's 
velocity. The flow variables behind the reflected shock will be determined theore- 
tically. But before considering in detail the changes in the velocity of the re- 
flected wave, let us determine the accuracy of determining the flow variables 
using the laws of conservation of energy on the condition that the gas at the re- 
flecting surface is at  rest. 

Measurements of the density behind a reflected wave performed by Gardiner 
and Kistiakowsky [ 1281 show that a distance of 0.5-5 from the plane of reflection, 
within the limits of experimental accuracy (2%) the density after the passing of 
reflected waves are in agreement with the values calculated on the basis uf 
velocities of incident waves, applying the conservation laws to them. Further, 
during 350 microseconds the density increases by 5%. 

Strelov [ 1291 has established by using an interferometer that in argon with 
M = 2 the density behind the reflected wave coincides with the theoretical value, 
while at M = 5 it exceeds it by 5% (the experimental accuracy was 2%), 

It was shown in [130-1371 that in C 0 2 ,  N2 and Ar for an incident shock with 
hI < 3 the density remains unchanged up to the time when the reflected wave 
meets the contact surface. Here the density fluctuation is 1-2%. For incident 
waves with hl  > 3 the density behind a reflected shock is equal to the theoretical 
within 2-3%. Then an increase in density with time is observed in a given 
shock-tube cross section. The absolute deivation of the density of the gas behind 
a reflected wave from the theoretical value increases with an increase in the 
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Mach number and reaches 7 and 20% for C02 (M = 4 and M = 6 ) ,  respec- 
tively. 

Skinner [ 1321 measured the pressure behind a reflected wave and has 
established that it is found to first be somewhat lower than the theoretical value 
and then linearly increases with time. The same was reported in 133). The 
increase in pressure behind the reflected wave with time is attributed in 11341 to 
the effect of waves created by the increasing boundary layer along the entire shock 
tube attendant to the interaction with the reflected wave. Experimental obser- 
vations a re  in satisfactory agreement with those calculated theoretically. Authors 
of [1351 have observed a slow increase in pressure behind the reflected wave and 
attributed it to the effect of the boundary layer. 

In the Institute of Physics of the USSR Academy of Sciences [1361 there was 
measured the temperature of PJ2, O2 C 0 2  and A r  behind a reflected shock by 
spectral line reversal. The results of these measurements were compared with 
those calculated using the one-dimensional gasdynamics theory. It was also 
assumed that the state of the gas behind the reflected wave in the point of obser- 
vation is determined by the velocity' of the incident wave in this point. 
discovered that the theoretical and experimental results a r e  in agreement within 
the - I - ~ ? o  experimental error.  
reached in examining the test gases in the series Ar-N2 -air - 02- CO (i. e., 
mono-, di, and poly-atomic gases). 
Cohen, the more intense bifurcation in this series results in an increasingly smooth 
increase in the temperature behind the front of the reflected wave. This was 
demonstrated experimentally i n  the Institute of Physics. 

It was 

In addition, still another important conclusion was 
2 

According to studies by Mark, Strelov and 

It is also of interest that the gas behind the reflected wave is not at rest, - /76 
but some velocity distribution from the end [of tube] to the wave exists. 
it  does not exceed 2% of the flow velocity behind the incident wave 

However, 
1371. 

This survey of experimental data concerning the correctness of determining 
the state variables of the gas behind the central part of a reflected wave based 
on calculations using the conservation laws leads to the conclusion that the state 
of the gas immediately behind a reflected wave is in agreement with that calculated 
theoretically within 5-8% The accuracy in calculating the state of the gas a t  the 
butt [of tube] is much lower, amounting to 20%. 

The velocity of the reflected wave was measured by the authors of [ 104, 144, 
1451. Their results were then compared with theoretical values obtained by solving 
conservation equations for a plane shock, adiabatically reflected from a perfectly 
rigid wall. The following was observed: as the reflected wave moves away from 
the wall, i ts  velocity in some cases in variable, first decreasing and then in- 
creasing near the contact surface. The slowdown is attributed to the effect of 
relaxation processes, while the acceleration - to inhomogeneity of the gas flow 
behind the incident wave due to the development of the boundary layer. 

The velocity of the reflected wave in the immediate vicinity of the [tubel end 
is in satisfactory agreement with the theoretical values only for low Mach numbers 
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of the incident wave (M<4).  In the case of higher M, the scatter of the experi- 
mental points increases, and the deviation from ideal behavior is found to be dif- 
ferent for different gases. The greatest deviation (about 30%) is observed for 
argon [ 139, 129, 1411. In argon with a Mach number of the incident wave higher 
than 5 a subsequent acceleration of the reflected wave is observed. In nitrogen 
and oxygen the experimental velocity of the reflected wave is found to be lower 
than the theoretical value by about 1-7%. 
effect of losses attendant to reflection. 

This reduction is attributable to the 

On the basis of the hypothesis that the velocity of the reflected wave is a 
function of the state of the gas behind it, some authors have used a reflected 
wave for studying the kinetics of chemical reactions [ 104, 138, 143, 140, 1441. 
The authors of I143 1 have been able to determine the energy of molecular 
dissociation for N2 and CO on the basis of the velocity of the reflected wave. 

The method of the reflected shock wave for studying the relaxation of O2 and 
N2 molecules was used most comprehensively by Strelov and Cohen [ 1041. The 
relaxation time for exciting vibrations of N2 and O2 molecules was studied by 
Hlackman 11461 using an incident shock wave. The calculations presented in 
[lo41 which were based on Blackman's data show that the reflected wave should 
be decelerated near the end wall of the tube due' to vibrational relaxation of the 
gas behind the wave. The Strelov-Cohen experiment showed that the reflected 
wave is actually slowed down and that the deceleration time is in agreement with 
that precalculated. 

The relationship between the relaxation time and the time of reachin a 
shock-wave velocity close to that on equilibrium was obtained by Spence f181. 
He has considered the unsteady-state propagation of a shock wave ahead of a 
piston in a gas undergoing relaxation by the method of linearized characteristics. 
The problem of reflection of a shock wave from a flat wall differs from that of 
propagation of a wave ahead of a piston by the fact that the velocity of the piston 
is assumed to be zero, the initial flow comes in with the velocity of the piston. 
Ln solving the problem of propagation of a shock wave ahead of a piston, Spence 
examined the equations of motion of a gas undergoing relaxation in the Lagrangian 

coordinates 11 L- \ P ~ Z :  
X(t> t )  

X ( 0 ,  t )  

-- au a P  
a& --- ah ' 
au -- 
ah - $($) (4.1) 

x + P & ) = o -  dE a i  
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The equation in the characteristic form is written a s  

The reaction rate do//dt can be obtained i f  the relationship cu(t) is  known. Lf 
the reaction does not introduce appreciable changes into the state of the medium, 
then 

t 

where a is the frozen speed of sound and cy is the degree of dissociation of the 
gas 
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P 
P 

a2 = r ( x ) - .  

t - Io a ( t )  = l.,, th- 2r* ' 

where t is a constant of integration, cy is a constant characterizing the time 
for reaching degree of dissociation CY 

0 0 
which is close to that at equilibrium. 0' 

It i s  assumed in the solution that the boundary conditions which a re  satisfied 
by the variable flows immediately behind the shock waves are applicable at the 
undisturbed path of the wave X = U t , where Uo is the shock wave velocity, if 

there is no dissociation between the wave and the piston. Then the Lagrangian 
coordinate h ( t )  of the shock wave, equal to the mass of the gas which flowed 
through the shock wave during time t, is 

0 

S 

I L , ( f )  = -  p ( L ' o - u u , ) t ,  

where u is the piston velocity. 0 

the form 
After substituting the expression for CY and linearization, Eq. (4.2) takes on 

The general solution of this equation 

- u - ug --- - A [f ( t  -- ;ob) 4- 0" ( t  + &) - t h  { -2:0(il)}].  
a4 (4.3) 



where f and g are  arbitrary functions, while AI : 
a0 ' 

When boun%ry conditions h = hs ( t )  are substituted into Eqs. (4.3) and (4.4), 

the values of u and p become equal to these gas variables immediately behind the 
shock, when these a re  determined on the basis of the conservation laws. The use 
of this boundary condition across the shock makes it possible to eliminate the 
arbitrary function 4, while function f (  t )  is found from the boundary condition at 
the piston where u = u for all the t. 0 

The expression for f (  t 1 is given by the functional equation 

t f ( t )  +- vf ( A t )  2 tll - , 
2% (4.5) 

where 1' and h are functions of the Mach number of the flow. 

For the case of a shock wave reflected from a rigid wall (u = O), the Mach 
number of the flow behind the wave is uo/aO. When passing through the front of 
the reflected wave Y may be regarded as  *unchanged, since the active degrees of 
freedom have already been excited in the incoming flow behind the incident 
shock wave, while the unactive degrees of freedom are not excited immediately 
behind the shock due to lack of time. Analyzing the boundary conditions for this 
case we get the following values of h and Y 

0 

I - 11 A=..--- 
1 + hI ' 

v = [{l - 2 (G) hl] / (1 3- 2 (e) M]] h2 

The time needed for the velocity to reach its limiting value is, by definition, 
infinity It = 00, U = U,), however, analysis of functional equation (4.5) per- 

formed in l18 1 shows that f (t ) come quite close to the equilibrium value during - /79 
a3 

a time ?8 = 

reaction 

[I - F (i)] df. This time is a function of r0, the relaxation time of the 
0 
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Analysis of experimental and theoretical data on the reflection of shock 
waves shows that, if the time of the relaxation process is commensurable with 
the time of propagation of the wave, then i t  is possible to observe nonsteady 
propagation of the reflected wave and to determine the relaxation time by the 
relationship governing the deceleration of the reflected wave. Here it is necessary 
to take into account corrections introduced into the reflected wave's velocity by 
the energy losses occurring on reflection. 

2. Study of the Nonsteady Propagation of a Reflected Wave 
in CO Undergoing Relaxation -0 

Comparing the velocities of a reflected wave in C02 for initial pressures 

p of 3 and 12.7 mm of Hg, ondifferent assumptions on the thermodynamic state 0 
of the gas behind the incident and reflected shock waves (Table 4. l), we see that 
the velocities obtained on the assumption of complete equilibrium (1) differ 
appreciably from the values calculated without taking molecular dissociation into 
account (2), starting with M = 8 of the incident wave, to values calculated on the 
assumption of a constant ratio of specific heats ( y  
the shock (3), starting with 31 = 4. 

. 1.3) when passing through 

To discover the effect of nonequilibrium 
TABLE -1.1. VELOCITY OF 

A REFLECTED WAVE IN 
C02  (m/sec) 

processes in the gas on the velocity of a 
reflected shock wave, experiments were 
performed in C 0 2  for M = 4-12 of the in- 
cident wave with an initial pressure p = 

0 2 
_. - i..2 - 
c' (0 t -- 1 ;; 12.7 and 3 mm of Hg, using the UT-2 

1 ' -  ' facility. 
I 

A typical scan of the schlieren pat- 270 321 
95.1 4.5 1 

350 5;d It was assumed that the velocity of the re- 
X<) 75' 

tern of the reflection is shown in Fig. 34. 

flected wave is equal to the velocity of an 

case of hI < 8 the velocity of the reflected 
wave is constant, while when 8 e 31 < I2  

- _. - . - - . average disturbance on the scan. In the 

it is variable. The wave slows down at about 8-12 mm from the end of the tube, 
while near the contact surface i ts  velocity increases sharply. The latter takes 
place due to inhomogeneity of the variables in the plug behind the incident wave 
(Chapter 3). 

The results of measuring the velocity of the reflected shock wave are  presen- 
ted in Fig. s 35 and 36. Curve 1 corresponds to the case of equilibrium dissocia- 
tion of the gas behind the incident and reflected whock waves: curve 2 of C (T) 

P 
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. _ _ _ ^ *  - ._. . - e-?- 

Figure 34. Photographic Scan of the Schlieren Pattern 
of a Wave Reflected in C02; po = 12.7 mm of Hg, uo = 2240 

m/sec. 

is calculated on the assumption of equilibrium excitation of molecular vibrations, 
without considering dissociation; curve 3 (Y = 1.3) assumes that the gas is ideal. 
The experimentally determined velocities of the reflected wave for hl < 8 lie near 
the curve of C (T), while for M > 8 the velocities measured directly at the tube's 

end lie near this curve and below it, while the velocities after deceleration lie 
near the curve corresponding to complete equilibrium in the system, and below. 
The fact that the velocity of reflected waves after deceleration obtained in some 
experiments is below the equilibrium velocity is attributable to energy losses on 
reflection. As was shown in Chapter 2, the values of D2 on assumption of losses 
are  lower than the ideal theoretical values by 10%. Hence it cannot be claimed 
that the velocity after deceleration corresponds to the state of total equilibrium 
of the gas behind the reflected wave. The measured time between the instant 
of reflection and the start  of deceleration points only to the fact that the dissocia- 
tion reaction at the tube end has not a s  yet reached the equilibrium extent, i. e. , 
the relaxation time of the gas behind a reflected wave is greater than that meas- 
ured. 

P 

It is interesting to note that the velocity of a reflected wave in C02 measured 
under conditions when losses for interaction between the reflected wave and the 
boundary layer have been eliminated, was found to be 10-2096 higher than the 
values calculated on the assumption of frozen dissociation and equilibrium ex- 
citation of vibrations (Fig. 37). These experiments were performed by R. I. 
Soloukhin [ 140 1 ,  using initial data corresponding to those at which nonsteady propa- 
gation of the reflected wave was observed (p = 12.7 mm of Hg, Mo = 2-10). To 
eliminate the interaction between the reflected wave and the boundary layer, the 
reflecting butt was placed into the shock tube in such a manner that its ends were 
not in contact with the tube walls. Under these conditions the propagation of the 
reflected wave was not affected by the state of the gas at  the walls during the 
time for which no rarefaction waves produced due to outflow of gas through the 
gap formed between the butt and the shock-tube walls arrived in the central part 
of the wave. This time was found insufficient for observing the deceleration of 
the reflected wave. The increased reflected-wave velocities observed by Soloukhin 

0 
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Measurement of the time in our experiments during which the velocity of the 
reflected wave with po = 3 mm of Hg increased was possible only for hi  > 10, 

since the pressure behind the shock is higher for larger velocities and the 
schlieren photographs becone clearer. For an initial pressure of 12.7 mm of 
Hg it becomes possible to follow the change in the reflected-wave velocity for 
M = 8-10. Figure 38 shows the path taken by a reflected shock wave, constructed 
by measuring the wave's coordinates on a photoscan. 0 

At the first section the reflected wave propagated with continuous deceleration 
from the initial velocity (curve 1) to the equilibrium velocity (curve 2), then on the 
following section (curve 3) the velocity becomes greater due to variation in the 
variables of the incoming flow at the contact surface. 
equilibrium velocity of the reflected wave can be measured within 20%. 

The time for reaching the 

If the high reflected-wave velocities near the butt a r e  attributable to the non- 
equilibrium composition of the gas with temperature Ti immediately behind the 
reflected shock, then the same high velocity should also be observed when the 
front moves away from the butt, since the front moves all the time through fresh 
gas. Deceleration of the reflected wave can be produced by changes in the boun- 
dary layer at the butt, after the dissociation in the layer at the butt reaches its 
equilibrium value, and the temperature acquires its equilibrium value T2. 

D,. m/sec ~, ,m/sec ". . 
8UU 

6D~7 

4ffff 

200 I7 2 4 6 8 I f f  12 

MO 
Figure 35. Velocity D2 of a Reflected Figure 36. Velocity D2 of a Re- 
Shock Wave as a Function of Mot the flected Shock Wave as a Function 
Mach Number of the Incident Wave. of &To, the Mach Number of the 
Initial Pressure p =3mm of Hg. Incident Wave. Initial Pressure 

1.2.7 mm of Hg. 
0 

0-Velocity of Reflected Shock Wave 
in Immediate Vicinity of the Butt; 
o-Same as  Before After Decelera- 

The Notation is the Same as in 
Fig. 35. 

tion. 
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point to the fact that the velocities measured in  our experiment are somewhat on 
the low side due to losses for interaction between the reflected wave and the bound- 
ary layer, and that during the first moments after reflection in C 0 2  under the 
conditions of our experiments the molecular vibrations have not been completely 
excited 



D,,m/sec x, mm 

r, ,u sec 
I I Figure 38. Coordinate x 

of a Reflected Wave in C02  
as a Function of Time. 
MO = 8.1, p0=12.7 mmofHg. 

0 2 4 6 8 f f f  
MO 

Figure 37. Velocity of a Shock 
Wave in C 0 2  Reflected From an 

Insertable Butt. 
The Notation is that of Fig. 35. 

of the reflected wave. Then the time needed for establishing the equilibrium 
velocity of the reflected wave can be used to determine the time of establishing 
the equilibrium concentrated in the gas layer near the butt, which was the f i rs t  
to be stopped by the reflected wave. 

We now estimate the shortest time 
during which a change in the state of the 
gear near the butt can effect the velocity 

Let the composition of the gas at the butt reach its equilibrium value during 
a time T~ after reflection of the wave which propagates relative to the butt with a 
velocity D2. When the first signal about the changed state at the butt, which 
moves with velocity a,  will reach the reflected front at the time T ~ ,  which is equal 
to z0 -1 f, ( t l  being the time needed by the signal to overtake the reflected shock). 
The relationship between these times can be easily obtained by equating the ex- 
pressions for the front's coordinates at the time of meeting T8 

Then the time needed for establishing the equilibrium concentration will b.e expres- 
sed in terms of the time needed by the first signal to reach the reflected shock 
as  follows 

The maximum signal velocity a2 is apparently equal to the frozen speed of sound 

under conditions prevailing behind a reflected shock wave (Chapter 3). The experi- 
mentally determined values of 'd range from 30 to 7.5 psec (it should be noted 
that due to the fact that this transition is smooth, the time is measured to approxi- 
mately within 20%). These data were used for calculating r0, as well as re- 
duced to atmospheric pressure. 
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The time T , F  of establishing equilibrium velocity of the reflected wave and 
the time Tn [sic] for establishing equilibrium concentration of C 0 2  are given below 

24@0 
8.9 
300 

3200 
.%BO0 
21 .l) 
1010 
1130 
12.0 
8.8 
185 

The relationship between the relaxation time and the time forobtaining equi- 
librium velocity of a reflected wave can be determined more exactly from Eq. 
(4.6) derived by Spence. This formula uses the ratio of specific heats Y 7  which 
has different values across the front and near the piston. However, calculations 
using this expression show that the ratio Ts TU depends little on the value of 1' when 
the latter is in the range from 1 . 3  to 1.15. 

Applying Eq. (4.6) to the measured times for establishing equilibrium velocity 
of the reflected wave in C 0 2  we see, that To the dissociation relaxation time is by 
approximately 60% lower than the time t, of establishing equilibrium velocity of 
the wave 

110 . . . . . . . . . . 7.67 8.1 8.45 8.9 9.0;) 9.OG 
u 0 ,  m/sec . . . . . . 280 390 290 300 300 320 
ao, m/sec . . . . . . 1000 IOCO 1 1 ~ 1  i1'10 1 1 ~  1200 
? d T o ( - (  I= 1,3) . . . . . 1.66 1.65 1.63 1.63 1,GP 1.63 
Ts/ /?( i (r=2,15)  . . . . 1.61 1.63 1.61 1 .GI  1.60 1.61 
rs/Tofrom(4.7) . . . . 1.39 1.38 1.36 1.36 1-35 1.36 

The values of TS/To, determined on solving the problem of flow of gas under- 
going relaxation ahead of the piston, is only by 15% higher than the value obtained 
from simple considerations concerning the propagation of elementary disturbances 
with the speed of sound from the butt to the shock wave ( T ~ / T . ,  = l / ( l - M ) ) .  The 
dependence of time of establishing equilibrium dissociation on the temperature 
of the gas behind a reflected shock is shown in Fig. 39. Here T$ denotes the 
temperature across the reflected shock, calculated on the assumption of frozen 
dissociation and excited rotational and vibrational degrees of molecular freedom; 
TOP are  the times of dissociation relaxation TO reduced to atmospheric pressure, 
recalculated from experimental values of Ts using Eq. (4.7). 

The relaxation times plotted in Fig. 39 were obtained indirectly. It is of 
interest to compare the relaxation time thus obtained with some results obtained 
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by other methods. In [1361 the temperature of the C02 was measured behind 
the reflected wave under conditions reproducing those of our experiments. The 
temperature behind a reflected wave in C02 for an incident wave velocity of 2100 

m/sec, po = 12 mm of Hg at a distance of 10 mm from the butt after the passing 
of the reflected shock was 3.350" K ,  and after 13 f 5 psecs it dropped to 2600" K .  
The first value corresponds to the temperature behind the reflected shock wave 
with excited vibrations and frozen dissociation, while the second is for equilibrium 
temperature calculated on the basis of the velocity of the incident wave at the butt. 
The time needed by the temperature to reach i ts  equilibrium value, reduced to 
atmospheric pressure, is about 200 -C 70 psecs. 

r, atm* psec 

' 1  

Figure 39. The Relaxation l i m e  in C 0 2  as a Function 

of the Temperature (TiK is the Temperature For the 

O-p0 = 12.7 mm of Hg; x-po = 3 mm of Hg; +-From 
Case of Nonequilibrium Dissociation). 

[ 1361 ; A-FrOm [ 1421 . 

The time for establishing equilibrium temperature at T = 7000" I< (M = 11, 
p = 12.7 mm of Hg), according to [ 1461 is not more than 6 psecs (6 ,u secs is 
the time needed for establishing reliable readings of the temperature-measuring 
apparatus in the given experiments). 
is not more than 280 psecs. 

0 

This time, reduced to atmospheric pressure, 

Some information on the dissociation relaxation time can be obtained by 
measuring the concentration of CO and the temperature behind the incident wave, 

2 
which were determined on the basis of ultraviolet absorption in [ 147 1. For Mo = 

10.5, T, = 3320" l i ,  and po = 0.36 atm no composition o r  temperature changes 

were recorded along the entire plug up to the contact surface (t = 25 psecs). For 
M = 12.5, po = 0 . 5  atm and T, = 4050" I< a region was observed behind the front, 

which corresponded to a drop in the temperature and C 0 2  concentration during 

15 psecs of laboratory time. 
time of existence of these inhomogeneous regions reduced to atmospheric pressure, 

0 

This time reduced to 7 psecs for M = 14.8. The 0 
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in the coordinate system moving with the gas particles is  75 psecs at T = 4050 
and 2 1  psecs at T = 6000" 1;. On the basis of results obtained by the present 
authors and in [136,147] it can be concluded that the dissociation relaxation time 
for CO behind a shock wave at temperatures of 3000-6000" I< reduced to atmos- 
pheric pressure, is of the order of 3-1- lo-* secs. 

- 186 

, 

2 

These results pertain to dissociation of C02 with a 2% content of water vapor. 

Of interest for gasdynamic studies is the relaxation time in moist C 0 2 ,  since 

flows of this gas practically always take place in the presence of water vapor. 

The relaxation of dissociation and vibrations at high temperatures has an 
appreciable effect on the flow of C 0 2  and, in particular, on the state of the gas 
behind a shock which is produced in flows about bodies. The determined dissoci- 
ation relaxation times can be used to determine the distances a t  which equilibrium 
variables of CO a re  established behind a normal shock. 
for a normal shock give an idea about the state of the gas behind a detached shock 
which is produced in the flow about a blunt body, for example, when a space ship 
enters the atmosphere of the planet Venus. At atmospheric pressure behind the 
shock, when the velocity of the incoming flow is 4 kg/sec equilibrium behind the 
shock wave is established at a distance of 3 cm from the shock front, for a flow 
velocity of 3 kg/sec this distance is 10 cm, while at 2.5 km/sec eqiulibrium is 
not established at a distance greater than 15 cm. 

The results obtained 2 

The gas temperature in the above region ranges from T' at the front corre- 2 
sponding to frozen dissociation, equilibrium values. The difference between these 
temperatures is several thousand degrees. 

3. Determining The Dissociation Relaxation Time of Mixtures of C 0 2  
With N2 at T = 1000-3000" K On The Basis of Nonsteadx 

Propagation of a Reflected Shock Wave 

Experiments with reflected shock waves in a mixture of C02 and N were per- 2 
formed to determine the effect of diluting strongly dissociating C 0 2  by N2 which 
does not dissociate a t  these temperatures 
using the UT-2 facility. The initial pressure was 12 mm of Hg, the incident-wave 
velocity ranged from 1700 to 2500 m/sec. A s  in the case ofpure C 0 2 ,  it  was ob- 
served that for incident waves with RI < 8 the reflected wave undergoes a decele- 
ration, which in this case was attributed to the development molecular dissociation /87 
in C02  behind the reflected wave. The experimental results a re  given in Fig. 40. 
The velocity of the reflected wave immediately after reflection, on the other hand, 
exceeds the value precalculated on the assumption of complete equilibrium behind 
the reflected wave (curve l), and approaches the curve obtained on assumption of 
frozen dissociation (curve 2 ) ,  and in several cases (u = 1800-1900 m/sec) even 
exceeds it. This shows that the gas at the butt is not in equilibrium. The velocities 
after deceleration lie somewhat below curve 1. The time needed by the velocity of 
the reflected wave to reach i ts  equilibrium value was measured to within about 40%. 

150 1.  The experiments were performed 

- 

0 
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I 
0 0  Figure 41. Comparison of T the 

C02-N2 Mixture as a Function of 
the Nonequilibrium Temperature 

of the Gas, T O  I<. 

o-C02; 0-N2-C02 Mixture. 

200 - Relaxation Time in CO and in a I700 I300 2/00 2300 2500 2713 
u,,m/sec 

Figure 40. Velocity U2 of Re- 
flected Wave as a Function of uo, 
the Velocity of the Tncident Wave, 
in a Mixture of 74% C 0 2  -+ 24% 

N2 + R20. The values of dissociation times T~ 
o-Velocity of Reflected Shock 
Wave After  Deceleration; o-The 

calculated on the basis of measured T~ 
are  presented below Same at the Butt. 
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The dissociation time zap, reduced to atmospheric pressure is shown in the 
last line. This value is shown by triangles in Fig, 41, as a function of temperature 
T i  pertaining to the initial state of the gas behind the reflected wave (without 
dissociation). The same graph denotes by dots the values of the dissociation re- 
laxation time for C 0 2  without nitrogen [ 148 1. It can be seen from the graph that 
the time for establishing equilibrium composition in moist C02 mixed with 25% of 
N is of the same order for the time of establishing equilibrium dissociation in 

moist C02 without N2. 
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4. Effect of Nonequilibrium Ionization on the Propagation of: 
a Reflected Shock Wave in Argon 

A s  was noted in earlier works [lo41 , the observed velocity of a reflected 
shock in argon is smaller than the theoretical equilibrium values, which is 
attributable to energy losses attendant to reflection of the wave from the tube's 
end. It was discovered on examining scans of schlieren patterns of reflection in 
argon that the velocity of the reflected wave under some regimes is not constant. 
This velocity decreases from its values at the end, which exceed those at 
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equilibrium, to the lower values at the contact surface. Apparently, the reduction 
in the wavers velocity is attributable to changes in boundary conditions at the tube's 
end, where the state of the gas changes as equilibrium ionization is established. 
It can vary partially also because of losses. 

In order to analyze the effect of the nonequilibrium ionization process on 
the velocity of the reflected 'Nave, we have compared AD,,, the observed change 
in the reflected-wave velocity, with the theoretical change in the velocity of a re- 
flected wave on transition from the state with frozen ionization of equilibrium 
ionization of argon behind the reflected wave. The theoretical data for  the initial 
pressure po = 10 mm of Hg were taken from 1451, while the theoretical data for 
initial pressures of 5 and 1 rnm of Hg were interpolated from data for 10 and 0.8 
mm of Hg. Below are presented the equilibrium variables for argon behind inci- 
dent and reflected waves for p = 0.8 mm of Hg and I', = 293' I\ 
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The observed reduction of the velocity of a reflected wave is compared be- 
low with the calculated reduction in velocity when passing from the frozen to the 
equilibrium state in argon: 

It should be noted that the final shock-wave velocities were somewhat lower 
than the theoretical equilibrium values. 

The relationship between the time required for changing the velocity of the 
reflected and with the time required for changing the boundary condition at the 
shock-tube end is determined by considering the flow of a gas between a piston 
and a shock wave in a gas undergoing relaxation [ 18, 1111. 
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The relationship between the time for changing the shock wave velocity T, 
and the ionization time to behind a reflected wave in argon 

>Io . . . . . . 7.4 7.1 6.8 
Tz' "K . . . . 12900 11 800 i l  SO0 
Tz. "K . . . . 20000 10000 86c70 
pz, mmof Hg 2000 3500 300 
i%fd=D21ao . . . 0.60 0.59 0.50 
r& . . . . . 1.9 1.6 1.8 

It follows from the above data that the velocity of the reflected wave changes 
during a time which is almost two-fold greater than the time for changing the 
degree of ionization. Nonsteady propagation of the reflected shock wave was ob- 
served under the above conditions over the entire path, up to interaction with the 
contact surface, i. e. , during approximately 100-200 P secs. 
from this that nonequilibrium ionization exists under these conditions for more 
than 50-100 psecs. 

that the ionization time for argon at  10' "I\ is 25 psecs  in the laboratory system of 
coordinates up to pressures of 1 atm behind the shock wave [ 149 1.  The time re- 
duced to a pressure of 4.5 atm and a coordinate system moving with the gas is 
approximately 100 psecs. 
reflected shock wave thus shows that during the time the reflection process is ob- 
served until the reflected wave meets the contact surface the ionization of ar-  
gon does not reach its equilibrium value and the reflected wave popagates atten- 
dant to continuously varying boundary conditions at  the end, which affects the 
change in the velocity of the reflected shock wave. 

It may be concluded 

It was established by measuring the ionization rate behind an incident shock 

Extrapolation of data of [I491 to conditions behind a 



CHAPTER 5 

REFLECTION OF OBLIQUE INCIDENT SHOCK WAVES IN A 
REACTING GAS (MACH REFLECTION) 

1. Irregular Reflection of Shock Waves in an Ideal Gas 

The reflection of shock waves from an inclined surface can produce two 
wave configurations, depending on the reflection conditions. 
figuration is regular reflection. 

The simplest con- 

The shock wave, moving wit!! speed u is incident on the solid surface a t  

an angle wl. In the coordinate system moving with the wave the gas flows into 
the latter with a velocity uo cosecwl and is deflected through an angle 1. Since 

subsequently to this the flow should be parallel to the wall, a reflected wave is 
formed which will turn the flow in the opposite direction through the same angle 
11. 

0' 

Specifying the incident angle w1 and the shock wave strength defines uniquel- 

ly the state of the gas in the region between the incident and reflected waves. 
The strength and position of the reflected wave is determined by the equation of 
the shock polar (curve). But, for a given angle of turning of the flow the shock 
polar defines two different shock waves, those of the weak and those of the 
strong family. As is shown experimentally, the reflected wave belongs to the 
weak family of waves. This means that in the limit, when approaching incident 
waves with infinitesimal strength, the strength of the reflected wave also tends 
to zero, and the angle of reflection approaches the angle of incident, which is 
actually observed in acoustics. When w1 -0, the reflected wave of the weak 

family is transformed into a wave with which we dealt on normal incidence of a 
shock wave onto a solid body. 

It follows from the properties of the shock polar that regular reflection is 
by no means always possible. For a given incident-wave strength there eldsts 
a limiting angle uk; regular reflection is not possible when &t1 > CL' 
infinite incident-wave strength th:is angle approaches a rc  sin 1/1, i.e., for gases 
with 1 = 1.4,  wk = 40 . 
regular reflection is possible for any angles of incidence. 

For  an 

For  waves with infinitesimal strength tol, -> vu-, i.e., 

k' 

On reflection of shock waves wl, the angle of incidence, is not identical 
with angle of reflection u which may be both greater'and smaller than ul. 
For a some angle of incidence CL' = 1/2 are cos ?' - 1/2, w1 = w2. When (91 > 
OY < when wt < o;, 6>2 > ol. Angle (9); is independent of the strength of the 
incident wave. 

* 2' 

1 

In cases  when regular reflection is impossible, the incident A and reflected 
AR waves move away from the wall (Fig. 42) and a third shock wave is formed; 
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M U  

Figure 42. Schematic of 

M 

Mach Reflection. 

a-In the Coordinate System Tied to the Sta- 
tionary Wall; b-in the Coordinate System 

Tied to the Triple Point. 

it is termed the Mach wave AM. The gas near the wall passes only through one 
wave, while far  from the wall it passes through both the incident and reflected 
wave. Consequently, there should exist a contact discontinuity, emerging from 
the "triple" point, i.e. , line AT. This wave reflection pattern is called Mach 
reflection (named after the physicist Mach who has first observed this phenome- 
non). 

The Mach reflection phenomenon is so complex that up to present no theory 
is available for calculating, even in the case of an ideal gas, the entire flow 
field and which would have given satisfactory agreement with experimental re- 
sults in the entire range of Mach numbers of the incident wave and for all angle 
of the reflecting surface. 

Theoretical study of the reflection is difficult not only because we a re  dea- 
ling with a nonlinear problem, but also due to the fact that the entropy of the 
system is changing and that the motion is of the vortex-flow type. 

The first method of obtaining a solution consists in linearizing the basic 
equations of motion on the assumption that the incident shock is weak. In this 
case the change in entropy is a third-order infinitesimal a s  compared with the 
incident shock strength and it can be disregarded. This method was first used 
by Sommerfeld [ 1511. 

A second method consists in considering an incident shock of arbitrary 
strength and assuming that the obstacle introduces only small disturbances into 
the homogeneous flow behind the shock. This method was developed by Lighthill 
[1521 and Ting and Ludloff [ 153, 1541 aSid is used successfully by many other 
authors 1155, 1561. 

The above approaches yield results in satisfactory agreement with experi- 
* mentally obtained data [ 155, 1571. 

A more complex case of Mach reflection, i. e., that occuring when the 
variables of the medium undergo sharp changes at relatively small distances 
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(so-called short waves), was studied by Ryzhov and Khristianovich [ 158, 1591. 
The case of Mach reflection considered by them takes place at close-to-critical 
anaes of incidence. 

The majority of experimental studies of Mach reflection pertains to weak 
waves with hl < 3-4.  Studies in this range of Mach numbers have yielded the 
following relationships for long shock waves [ 160-1641 : 

a) the triple point moves .along a straight line inclined at a constant angle 
to the reflecting surface; 

b) angle x for an constant,-strength incident wave increases with an increase 
in the angle of the reflecting surface; 

c) the motion of the triple wave configuration is self-similar. 

The angles between waves in the Mach configuration is determined satis- 
factorily from the three-shock theory. In the general form this theory makes 
it possible to describe the flow of the gas in all the angular regions which a r e  
formed by the interacting waves. A detailed solution of the problem of wave 
interaction can be found, for example, in [ 1651 for the steady-state case. For 
solving the problem of the Mach configuration, i. e., for the quasi-steady case,  
this theory was used in l162, 1661. 
reflection (Fig. 12, a). For  this i t  is convenient to use a coordinate system tied 
to the triple point, since in this system the reflection can be regarded as quasi- 
steady. Then the triple configuration can be examined without reference to the 
reflecting surface (Fig. 42,b). The location of shock waves in such a configura- 
tion will depend appreciably on the direction of the incoming flow. In the coordi- 
nate system in which the triple point is a t  rest the direction of the incoming flow 
is determined by angle wl. The flow of the gas in the close vicinity of the triple 

point is depicted schematical1:y in Fig. 42, b. 

Let us consider the pattern of the Mach 

The Mach reflection in the coordinate system tied to the triple mint is sim- 
ilar to regular reflection when. the latter i s  produced by a surface passing 
through the line of motion of tlie triple point perpendicular to the figure. By 
analogy with regular reflection we shall also term angles w1 and w2 in the Mach 

reflection as angles of incidence and reflection, respectively. In comparing 
with experimental results resor t  is had to the fact that the angle of incidence is 
related to the angle of motion of the triple point and the angle that the reflecting 
surface makes with the shock wave (wedge angle) by the relationship 

6'1 = 90" - ( x  + 30). 

Angles w1 and w2 in the Mach reflection a re  related to angles of incidence 

and reflection on regular deflection by the expressions 
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We now denote by P,  u ,  P, T, p, and H the density, veracity, pressure, tem- 
perature, molecular weight and enthalpy of the gas, respectively; by 0 - the 
state ahead of the shock (Fig. 3); by 1 the state behind the incident shock wave; 
by 2 is the state behind the reflected wave; by 3 the state behind the Mach wave, 
and by 4 the state ahead of the Mach wave, which is the same as state 0. The 
gas variables in region 1 are determined on the basis of velocity u by the 
method described in Chapter 4. 0 

Figure 43. Schematic Depicting the Reflection of a Shock 
Wave. 

Let us consider a coordinate system tied to the triple point. In this system 
0 1 the gas f l f l o ~ ~ "  into the incident wave with the velocity u /sinw at the angle 

TO = w 
value of this angle is determined from the continuity equation 

The incident wave deflects the flow passing through it  by angle OL. The 

The velocity of the gas behind shock wave AS in the coordinate system tied 
to the triple point is 



Let us consider the shock polar in coordinates p 2 ,  8, for the reflected wave. 
Let the reflected wave be situated at angle yt to the flow coming in with velocity 

it1,  then the normal component of the flow velocity will be il,, = zil s in  y1 
- - 

We write the conservation equations at the reflected wave 

Solving this system by the same trial-and-error me@od as  for the case of 
the incident wave, we  will get for a number of values of tiIn values of p2 and e,, 
i. e. , the shock polar in the plO, plane, whose points represent possible values 
of the pressure ratio p2/p, attendant to passing through the reflected wave and 
the deflection 8 = 8, - of the flow in region 2. 

Let us now construct the shock polar for the Mach wave. If this wave is si- 
tuated a t  angle ~4 = 1SO' - o4 to the incoming flow, then the normal component 
of the velocity to the Mach wave 

The conservation equations at the Mach wave will be written a s  

Solving this system by the trial-and-error method; we  find the values of 
p3 and p3 for the given uhP. The angle €J3 of flow deflection is found from 
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By specifying different values of uM it is possible construct the shock polar 
Ior cnt= Mach wave in the coordinates p30.]. In order to find the sought solution, 
one must satisfy the compatibility conditions which require that the pressures 
be equal and the flows be parallel in regions 2 and 3 

p2 = p3,  e, = el- e,. 

These conditions are satisfied at the point of intersection of shock polars for 
the reflected and the Mach wave. 

MI the angles of the Mach configuration are determined from 

It should be noted that the three-shock theory examined above presupposes uni- 
formity of flow in regions bound by the shock waves. 
the intersecting discontinuities are straight lines and 2)  the flow parameters do 
not depend on the distances from triple point A and that these variables are 
constant in each of the regions bound by the discontinuities. 

theory with experimental data (Fig. 44) [ 1621. The curves were calculated for 
two incident-wave strengths: x = p/pl = 0.8 and x = 0.2. The experimental 
data obtained in the shock tube pertain to regular reflection (circles) and to 
Mach reflection (crosses). 

This means that: 1) all 

Let us now compare results obtained on application on the three-shock 

For strong shock waves ( 0 )  with pressure gradients across the wave of 0.2 
there is no disagreement with theory. In the case of the weaker shock wave 
with x = 0.8 the deviation from the theoretical case is quite appreciable (a). In 
a weak incident wave the transition from regular to Mach reflection is continuous, 
while according to theory the angle of reflection should change in an quite large 
step. In addition, the angles proper differ appreciably. S m i t h  [1671 showed 
that satisfactory agreement between theory and experimental data is obtained 
for shock waves with 3 < 0.4 with substantial deviations appearing as early as 
for 3 > 0.5. 

It thus turns out that the three shock theory is valid only for strong shock 
waves. A successful explanation of the paradox observed in the Mach reflection 
is given in [ 1681. The principal ideas expressed there are most conveniently 
analyzed using shock polars in the p, e plane, where p is the pressure and 0 is 
the angle of flow deflection. 
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Figure 44. Comparison 
of Theoretical and Ex- 
perimental Relationships 
of Reflection Angles w to 
Angles of Incidence w 1  on 
Regular and Mach Re- 
flection [ 162 1 , calculated 
According to the Three- 
Shock Theory (Dashed 
Curves) and According to 
the Theory of RegularRe- 
flection (Solid Curves)i 

Figure 45 depicts the shock polar for regular 
reflection. 
shock wave, divided by the constant pressure 
ahead of the incident wave is laid off on the co- 
ordinate axis, while angle 0, defining the de- 
flection of the flow from i ts  initial direction is 
laid off on the abscissa. Curve ABCDA is the 
shock polar corresponding to one Mach number 
of the incoming flow. If the strength of the shock 
wave and its inclination is specified, then we 
have on the shock polar one point which defines 
the state of the gas (p, 01, in a region behind the 
shock wave. Let this point be point I and lie in 
the supersonic region. Point I can then serve 
as  the initial state for drawing a second shock 
polar IRER'FLI. The state of the flow behind 
the reflected shock wave corresponds to one 
point on this polar. It is obvious that the gas 
flow behind the reflected wave should be paral- 
lel to the surface of the wall, i.e., the angle of 
deviation should be zero. This condition is 
satisfied by points R and R'. The state defined 
by point R' corresponding to a high pressure 
usually is  not realized, since it pertains to a 
family of strong waves. 

The pressure behind the reflected 

Let now the strength of the incident wave in- 
crease,  but the Mach number of the incoming 
flow remain the same, i. e . ,  only the angle of 
incidence (w,) changes. 
moves away from point A. 

This means that point I 
The reflected wave 

becomes weaker. The shock polar corresponds to the reflected wave will not 
intersect the abscissa axis and points R and R' will go out of existence. There 
is no regular reflection (Fig. 45,b) and we have the case of Mach reflection. In 
this reflection of the flow behind the triple point is divided by the contact dis- 
continuity into two regions. The region in which the gas passes through two 
shock waves - the incident and the reflected, is defined by one point on the 
secondary shock polar, while the region through which the gas passes through 
only one wave, i.e., the Mach wave is defined by one point on the primary polar. 
Since both these states have common streamlines, common contact surface and 
the same pressure,  the flow behind the triple point is represented by the point of 
intersection of the primary and secondary shock polars, i. e., by points r(.I and 
M'. Since the Mach wave should be perpendicular to the reflected surface, the 
flow immediately behind the wave is represented by segment MC on the f i rs t  
shock polar in the steady-state case. 

Now we consider the intermediate case, near the point of transition from 
regular to Mach reflection. The shock polars for these cases  are shown in 
Fig. 46. H e r e  point C corresponds to the base of the Mach wave, while points 
R and h.I correspond to the state of the flow behind the reflected shock wave in the 
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Figure 45. Shock Polars in the p/po, e Plane 
for Regular (a) and Mach (b) Reflections. 

Figure 46. Shock Polars in the p/po, 
0 Plane for Regimes Close to Those 
of Transition from Regular to Mach 

Reflection: 
a-Supersonic Flow Behind the Point 
of Intersection; b-Subsonic Flow 
Behind the Point of Intersection. 

regular and Mach cases, respectively. 
The principal difference between cases 
a and b consists in the following. In 
the first case point M is situated on 
the weak branch of the shock polar, 
while in the second case it is on the 
strong branch. We note that the for 
the shock polars under consideration 
the point of maximum flow deflection is 
close to the sonic point. For this 
reason it is possible to assume with a 
quite negligible error  that on transition 
to Mach reflection the flow behind the 
Mach wave is either supersonic (a), 
o r  subsonic (b). It is called steady- 
state Mach reflection when CMR be- 
comes a single point. On steady-state 
Mach reflection the Mach wave is a 
straight line perpendicular to the wall, 
the flow here is sonic. The condition 
for steady-state reflection is easily 

found from the the theory of reflection of shock waves; the Mach number of the 
flow ahead of the front is 3.203, the pressure ratio across the incident wave is 
pO/pl = 0.433, the angle between the incident wave and the reflecting surface 
should be 41.5" 

The first type of transition (a) takes place when the strength of the incident 
wave is higher than that for the steady-state Mach reflection. The second type 
of transition (b) takes place for weaker waves. 

In case (b) the angle between the reflected shock wave and the reflecting 
surface will vary continuously on transition from regular to Mach reflection, 
while in the second case the angle of reflection should change in stepwise fashion. 
This is verified by data of Fig. 44. The case with x = 0.20 is for the first and 
that of x = 0.80 is for the second type of transition. 
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Let us  further consider what takes place near the point of transition in 
region CMR. If the flow in the region behind a reflected shock wave is super- 
sonic, its state is determined solely by the local conditions and is not affected 
by disturbances which arise downstream of the flow. 
geneity in regions bound by discontinuities in this case can only be rarefaction 
waves of the Prandtl-Mayer type flow. However, a s  is shown in 11621, this 
kind of flow should not exist when the flow is supersonic. Kawamura showed 
that the curvature of the reflected wave and of the Mach wave is infinitesimal 
near the triple point. Thus, the flow in regions behind the triple point is homo- 
geneous and the flow should be defined by the three-shock theory. This is veri- 
fied by experiments. 

Hence the only inhomo- 

In the case when the flow behind the reflected wave is subsonic, everything 
becomes more complicated. In this case pronouncedly inhomogeneous flow 
takes place in region CMR. In a real  flow this region on the p, 8 diagram will 
have corresponding to it  a highly compressed region o r  one singular point 
immediately after transiticn to Mach reflection. 

The experimentally measured angles wil l  not correspond to point &I but 
rather to point R. We will have an apparently continuous variation of the magni- 
tudes of reflection angles a'n transition from regular to Mzch reflection, since 
smaller angles of reflection will be measured. 

Thus, two kinds of trmsition from regular to Mach reflection are possible. 
The first takes place when the flow behind the reflected wave is subsonic. In 
this case the angle of reflection increases continuously on transition to Mach 
reflection. This case contradicts the three-shock theory. The second kind of 
transition is that when the Row behind the reflected wave is supersonic. In this 
case the angle of reflection undergoes a stepwise change and its value is in 
agreement with that calculated by the three-shock theory. 
reflection serves as the transition state from the first to the second kind. 

Steady-state Mach 

The experiments performed by Kawamura in a shock tube supply sufficiently 
convincing proof of the above assertions. 

Thus, the use of the three-shock theory is possible if the angle of motion 
of the triple point is determined experimentally, i. e. , this theory is only a 
method for describing the flow pattern. Work done by Whithem 1 1691 and 
Cabannes [ 1701 makes i t  possible to calculate, with some simplifying assump- 
tions, the reflection of shock waves of any strength from a wedge with an arbi- 
trary wedge angle. Whithem has based his delibrations on the following assump- 
tions. The disturbances in the flow which are produced by some o r  other phe- 
nomena, for example, change in the tube's cross  section, a r e  regarded a s  
waves propagating through the shock. These disturbances, which increase the 
Mach number of the shock, can become a discontinuity in the same manner as a 
plane compression wave becomes a shock. This shock, which propagates through 
the original shock is called a double shock. Actually this is a discontinuity in 
the Mach number and the inclination of the shock being considered. On Mach 
reflection this double shock is the trace of the triple point. 
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For small angles 8 it is possible to compare this theory with the linear 
theories of Lighthill [ 152 1 , Ting and Ludloff [ 153 1 .  Comparison shows that 
Whithem's method is suitable for strong shocks with M > 2; its application to 
weak shocks requires caution. 

strength is given by Cabannes [ 170 1. It is based on the following assumptions. 
A different calculation of Mach reflection of shock waves of arbitrary 

1. The mutual positive onwaves in the vicinity of the triple point can be 
determined by equations of shock polars, i. e. , it is possible to apply to each of 
the shocks the laws of conservation satisfying compatibility conditions. 

2. The configuration which is realized from among all those possible which 
satisfy the compatibility conditions is that in which the Mach wave is perpendi- 
cular to the reflecting surface. 

3. A basic requirement is that requiring all the shock waves comprising 
the Mach configuration. to be rectilinear. This theory is basically the three- 
shock theory, supplemented by the requirement specified in item 2. Item 2 
orients the three-wave configuration relative to the reflecting surface. The 
ensemble of these assumptions thus makes it possible, for a given wave strength 
and angle a. of the wedge to determine angle x and all the other angles near 
the triple point. 

Cabannes has solved this problem for a constant r of the gas on passing 
through the shock, assuming it to be 1.4 ahead and behind the shock. 

The Cabannes and Whithem theories are in the greatest disagreement for 
small 8 for large 8 they yield practically identical results. In addition, unlike 
Whithem, Cabannes has an obtained a elllax, above which regular reflection 
should ensue. 

When dealing with increasingly higher incident-wave strengths the problem 
arises of the effect of variable 1 on the mode of Mach reflection. We know of, 
for example, work by White [ 172, 173 1 where he has observed changes in the 
wave configuration on irregular reflection in COB, for which excitation of 
molecular vibrations and dissociation take place at sufficiently low temperatures. 
In this case one cannot use theories for r-const. 

2. Experimental Study of Irregular Reflection of 
Strong Shock Waves 

To determine the effect of real properties of a gas attendant to irregular 
reflection of waves, studies were made of the reflection of strong shock waves 
in COS, air, nitrogen and argon [ 175, 1761. In C02 excitation of molecular vi- 

brations and dissociation are quite perceptible at sufficient low temperatures, 
when Mo of the incident wave do not exceed 7-8. In air and nitrogen these ef- 
fects at the same Mach numbers are  less pronounced. 
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The experiments were per:Formed with the UT-2 shock tube. A wedge with a 
vertex angle of cv0 was placed into the test section. Zn the majority of cases  

the wedge was  raised above the lower wall of the tube. The process was visua- 
lized by the schlieren method. It was photographed by the SFR-L camera and 
the FR-185 photorecorder, which made possible obtaining time scanning of the 
process. 

The vertex angles of the wedge were 10, 24, 28, 32 and 36'. The initial 
pressure p ahead of the incident wave was usually 12.7 mm of Hg = 1.68- l o 4  0 
dynes/cm2. 

The angles between all the waves comprising the Mach configuration were 
measured on the photographs and their variation in time was checked. 
shock wave velocity w a s  measured from the photographs and at the same time 
by means of piezoelectric pickups placed along the tube. 

The 

A sequence of f rames  of diffraction of shock waves in Cog on a wedge with 
a vertex angle of 24O is shown in Fig. 47, a. The wave velocity was uo = 1900 

mfsec,  which corresponds to &I 
Hg. 

The picture of reflection of a shock wave from a wedge with the same angle 
of opening for a wave propagating in N2 ui th u = 2100 m/sec (M = 5.9) for  the 

same initial pressure i s  shown in Fig. 47, b. 
shown schematics which clarify the location of waves in the Mach configuration. 
The wave moves from left to right. SA is the undisturbed part  of the incident 
wave, AM is the Mach'wave, RRNO is the reflected wave AT is a tangential 
discontinuity, and L is the time mark. 
wave in C02.  The time bebveen successive frames was 4 psecs. 

The knife edge of the IAB--151 instrument i s  vertical, for Ivhich reason the 
density gradients in the verticz.1 direction of the knife edge are less discernible 
than in the horizontal direction. 

= 7 . 2 ,  and the initial pressure was 12.7 mm of 0 

0 
Beneath the photographs are 

Point R denotes a break of the reflected 

The photographs taken in C02 show clearly that the reflected wave has a 
break. A new shock wave is farmed nt the break, i. e. , a second triple point is 
formed. The reflected wave is situated below the path of motion of the triple 
point. The Mach wave changes: its inclination on passing from the triple point to 
the surface of the wedge. 

The instability of the tangential discontinuity is clearly expressed. In 
nitrogen the tangential discontinuity cur ls  up into an eddy. It is particularly 
clearly seen in the third-fourth frames (Fig. 47, b). This type of instability 
was noted in [ 171, 96, 1761 on diffraction of shock waves in a cylinder. In C02 

at the vertex near the triple point one can see sharp fluctuations of the tangential 
discontinuity. Their amplitude increases gradually as one moves away from the 
triple point and an angular region is formed. 
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Figure 47. Irregular Reflection of Shock Wave from a 
Wedge With a0 = 2 4 O  in C 0 2  (a) and N2 (b). 

Mach reflection was observed during a short time interval, limited by the 
time during which the shock wave passed along the wedge. For a wave with 
u = 2 km/sec this time is not more than 30 psecs. During this time the process 

is self-similar, the accuracy being 3%. 
0 

The self-similarity of the pattern in the range of Mach numbers under study 
made it possible to use photographing scanning in time and to calculate the angles 
in the Mach configuration from the photographs thus obtained (Fig. 48). As long 
as  the shock wave propagates from the forward edge of the wedge to position 1, 
only one point on the wave is seen through the slot. On the scan the wave "draws" 
line SA. The wave velocity uo is determined on the basis of the angle of this line. 
After the triple point intersects the slot, the Mach and the reflected waves appear 
in the field of vision and, consequently, line AS forks out (position 2). If the re- 
flected wave has a break with its associated second triple point, then when the 
point of break appears in the slot the line on the scan will break at  point R 
(position 3). If another wave exists at  the point of break, then a new line will 
appear on the scan starting from point R and directed toward the trace of the 
Mach wave. 
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A through hole d was made in the body of the wedge near the upper facet on 
the level of the slot. It is recorded on the film a s  a lighted line d' , parallel to 
the edge of the film. This line served as a distance marker. Knowing the posi- 
tion of waves relative to the marker we know their location relative to the nose 
of the wedge during any time instant. This makes it possible to obtain from the 
scan the angles at which the triple points move 

From the above formulas angle x is determined to within 4%. The results 
w e r e  processed with a tool-maker's microscope on which lengths of segments 
could be measured to within 0.01 mm. 

b- 

-7,- -- - - - - - 

Figure 48. Schematic Dia- 
gram of the Study of Mach 
Reflection and Diffraction 
of a Shock Wave on a Wedge 

Using Photoscanning. 

The scans can also be used to decide whether 
the reflected wave is located below o r  above the 
path of the triple point, i. e. , to determine the 
sign of angle u2 (for the angle designation see 
Fig. 43). If the reflected wave past the triple 
point is directed along AO, the line of motion 
of the triple point, then the trace of i ts  motion 
on the scan is denoted by straight line AS". 
When LLI is positive the trace of the motion will 
l ie to the right of line AS", for a negative w2 i t  

l ies to its left. The absolute value of w2 is ob- 
tained from the scans (if it is taken into account 
that self-similarity of motion is verified by ex- 
periment) using the expression 

2 

where K is the reduction factor. 

These experiments show the following. 

1. For  all the gases that were  studied the refle'cted wave has a break in the 
case of high &To; the magnitude of the break depends on the kind of gas. 

49 shows scans of reflection in C 0 2  and air. For the same shock-wave velocity 
in COS and a i r  the break in C 0 2  (a) is sharply expressed and angle u2 is negative. 

In a i r  (c) the break is barely noticeable, angle w2 remains positive; the break 

Figure 
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becomes increasingly more pronounced with an increase in wave velocity. 
Figure 49, b shows a scan of reflection in C 0 2  for a shock wave velocity of u = 

960 m/sec. Angle w2 is positive. A s  the velocity is increased to 1500 m/sec 
(a) w becomes negative. 
uo = 1170 m/sec. The break in the reflected wave is very weakly expressed. 
The pattern is close to that of ordinary Mach reflection. 

0 

Figure 49, b shows a scan of reflection in a i r  for 2 

2. When the incident-wave velocity is increased a new wave forms a t  the 
break andit then moves after the Mach wave (Fig. 49, a-c). 

3. Features Peculiar to Mach Configuration in a Real Gas 

As  was pointed out in Section 1, the available methods for calculating 
irregular reflection require the satisfaction. of the following conditions: recti- 
linearity of waves emanating from the triple point, homogeneity of flow in the 
regions between them, perpendicularity to the reflecting surface of the Mach 
waves, as well a s  the requirement that the ratio 1 of specific heats remain 
constant. 

It is seen from Fig. 47 that on reflection of a shock wave moving in C 0 2  a t  
uo -- 2000 m/sec the Mach wave is not a straight line. And even if its base is 
perpendicular to the surface of the wedge, these conditions a r e  not satisfied near 
the triple point. Hence in our subsequent calculations of the Mach configuration 
we shall use experimental values of X 

When applying the three-shock theory to the study of wave configuration 
reference should be had to the formation of an angular vortex region instead of 
the tangential discontinuity. This problem was studied in detail in [ 1021 . It is 
shown there that formation of this angular region shifts the values of angles be- 
tween the waves forming the triple configuration by 1-20, which is within the 
limits of experimental error.  Hence when using the three-shock.theory we have 
considered the tangential surface a s  the classical tangential discontinuity. 

The physical and chemical transformations behind the fronts of strong shock 
waves were taken into account a s  follows. The state of the gas and the location 
of shock waves in the vicinity of point A were calculated on the basis of the 
three-shock theory (Section l), while the enthalpies of the gas H = H(T, p) were 
taken according to the assumed degree of physical and chemical transformations 
(see Appendix 5). Since the time of existence of the entire configuration in our 
experiments was small and commensurable with the relaxation times, calcu- 
lations were made on several assumptions. 

Version I. The gas behind the incident as well as behind the reflected and 
Mach waves is in complete thermodynamic equilibrium, i. e. , molecular vibrations 
of the gas a re  excited and dissociation takes place. 
this version were taken from tables (see Appendix). 

The values of H and p under 
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Version 11. In the C02 and nitrogen molecular vibrations were excited while 

there was no dissociation. In a i r  the oxygen molecules dissociated and molecular 
vibrations were excited in the N2. There was no dissociation in N2. The values 

of H were taken from [ 118, 1191. 

Version Ill. No physical or chemical transformations took place in the test 
gas. The ratio of specific heat in the gas behind the wave remained the same as  
ahead of the wave. 

4 ! 
I 01 ' I I I 

IUOO 1sao ZOO0 2500 
a0, m/sec 

Figure 50. Experimental and 
Theoretical Curves of X and Angle 
at Which .the Triple Point Moves, 
as a Function of uo, the Inci- 

dent-Wave Velocity, in C02. 

Experimental curves of x (ao) 
for three values of the wedge angle a re  
given in Fig. 50. For comparison 
theoretical curves of x (uo) ,  obtained 
by the method of shock polars and 
taking into account the fact that Y 
changes on Dassing the shock are  also 

b 
wz' 
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Figure 51. The Angle of Reflection 
w2 as a Function of the Incident- 

Wave Velocity in Argon, Air and 
C02 on Different Assumption With 

Respect to the State of the Gas Be- 
hind the Shock Wave. 

plottGd there (Veriions I, II and III). These curves show that the three-shock 
theory does not suffice for precalculating the angle at  which the triple point moves. 

A comparison of experimentally determined reflection angles w2 with those 
obtained from the three-shock theory as a function of uo, the incident-wave 

velocity for a constant wedge angle a0 = 2 4 O  in argon, air and C02 is presented 
in Fig. 51. The values of w as  a function of u and of angle w1 were calculated 2 0 
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theoretically. 
perimentally. 

Angles u2 and u1 = 90 - (x f 01 ) for uo were obtained ex- 0 

In argon (Fig. 51, a )  the experimentally obtained values of u2 are in agree- 
ment with curve III, since no physical o r  chemical transformations take place in 
argon under the conditions under study. In a i r  in the range of incident-wave 
velocities of 900-1200 m/sec the points lie on curve IIT. In the velocity range 
of 1800-2500 m/sec the relaxation time for exciting molecular vibrations in O2 

and N2 and the dissociation time for O2 is shorter than the time during which the 

gas is in the heated state, while the dissociation relaxation time for N2 is much 
greater. The points cluster around curve 11. In C02 (Fig. 51,b) up to velocities 

u = 1800 m/sec the experimental values of lie near the curve taking into 
account excitation of internal degrees of freedom. Consideration of dissociation 
in high-velocity incident waves modifies the value of u2 within limits of experi- 

mental error.  Due to the fact that one of the relaxation times is shorter and the 
other is longer than the process under study proper, the process of reflection in 
the velocity range under study is self-similar. It is probable that in the case of 
even higher velocities this self-similarity ceases to exist if the time during which 
the gas is in the hot state is comparable with the dissociation relaxation time. 

0 

Comparison of experimental with theoretical data (calculated with considera- 
tion of possible physical and chemical transformations) in the form of the curve 
of cz = f (w,) for a constant incident-wave velocity and different wedge angles is 2 
presented in Fig. 52. 
a velocity of the wave in air of uo := 364 m/sec. The experimental points lie by 

approximately 600 below. The experimental data obtained for A r  (0) and CO, (A) 
a r e  in good agreement with theorerical results. The theoretical curves 11 for 
A r  become a single curve starting with velocity of 1600 m/sec and above. The 
curve 111 for C02 is presented for a velocity of 1900 m/sec. 

convenient to use the concept of effective ratio of specific heats ref 171. The 

enthalpy of a gas undergoing physical and chemical transformations is a complex 
function of the temperature. Similarly to the case of a gas with constant specific 
heat we can introduce the expression 

Curve I and experimental points (0) a r e  from 1621 for 

In order  to show the effect of physical and chemical transformations, it is 

where h is the specific enthalpy, p is the pressure and p is the density. This 
approximation makes i t  possible to use for complex calculations the Hugoniot 
[shock] relation, in which we now use the effective ratio of specific heats. 
Calculations were  made for the triple configuration which is produced by a wave 
incident on a wedge when the former moves with a velocity of 1.9 km/sec for 
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different values of ref' The relationships w2 = f (w,) are  presented in Fig. 52. 

Thus, reflection angle w2 is very sensitive to variations in -( A moderate ef' 
change in yef appreciably increases the angle between the incident and reflected 
waves. For ref = 1.05 angle w is negative for all values of the angle of incidence. 

If the gas is assumed to be ideal (y = 1.66 and 1.4) angles w2 are always positive. 
2 

Figure 52. Curve of Angle of Re- 
flection w2 vs Angle of Incidence 

w1 for Different Y ef' 
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Figure 53. Angle fIs of 
Flow Deflection in the At- 
tached Wave as a Function 
of its Angle of Inclination 
cp, to the Initial Direction 
of Flow, for Different De- 
grees of Physical and 
Chemic al Transformations 
in the Gas Behind the In- 
cident and Attached Waves. 

Ps2 dep 

For wave velocities of about 1800- 
2000 m/sec in C02 the state of the gas 
behind the reflected and the Mach waves 
corresponds to Y = 1.18, in air to T = 
1.4 and in argon to r =  1.66. This is 
precisely the reason why the double 

2' configuration appears first in CO 

It should be noted that as wo becomes 
smaller, i. e., as w1 becomes larger, 

- 

angles w2 are  displaced toward the positive range. 

Comparison of experimentally and theoretically obtained values of reflection 
angles w2 = w2 (wl, uo) validates the application of the three-shock theory modi- 
fied so as to take into account variations in the 7 of the gas for calculating irregu- 
la r  reflection of strong shock waves in the vicinity of the triple point. Since the 



pattern of wave diffraction on the wedge is composed of Mach reflection and 
of supersonic flow about the wedge azlgle, i t  is required that the reflected wave 
become an attached wave (see Fig,, 53). 

Calculations made for a wave at  the forward edge of the wedge show that 
consideration of physical and chemical transformations also yields a sharp reduc- 
tion in the angle of the attached wave and increases the speed at which the de- 
tached wave becomes an attached wave on increasing the wave velocity. 

Figure 53 shows results of calculations for an oblique shock in C 0 2  for dif- 
ferent assumptions on the thermodynamic state of the gas behind the incident 
wave and the attached shock (uo = 1900 m/sec). 
version I1 corresponds to conside:ration of excitation of molecular vibrations 
with the dissociation frozen, while version I assumes equilibrium dissociation 
and vibrations. Angle cps is the angle made by the oblique shock with the initial 
direction of flow, while angle CIS is the angle through which the flow turns on 
passing through the shock; obviously it is equal to the wedge angle a0 (see the 
schematic of Fig. 13). The values of the wedge angle for which the attached shock 
becomes detached a r e  shown by the dashed line. 

Version lJI is for 'Y= 1.4, 

In an ideal gas with y = 1.4 no attached shocks exist for a, >18". For  
version I, kvhich takes into account all the lnolecular transformations possible 
at the given temperature, the limiting angle for detachment of the shock from the 
nose of the wedge body is 42O. 
heats brought about by chemical and physical transformations changes appreci- 
ably the gas-dynamic process attendant to flow of hot gas about a wedge. Thus, 
when an ideal gas heated by a shook wave flows past the wedge at  uo = 1900 m/sec 
(version III), a detached wave is fmmed; conversely, an attached wave is formed 
in a gas with vibrational molecular levels excited. 

This means that the change in the ratio of specific 

The variation in w2 as a function of the extent of physical and chemical 
trpnsformations is more pronounced than that in the angle of attached wave. 
this case conditions no longer exist for smooth transition from the reflected to 
the attached lvave, a break forms and consequently, a secondary Mach wave is 
formed. 
the forward edge of the wedge is removed to infinity, i. e. , a Mach reflection 
will take place without receiving a disturbance signal from the forward edge. 
A Mach wave must inevitably by produced when o ) ~  < 0. 

In 

For negative u2 smooth transition is also impossible in the case when 

In the case of (I), > 0, i t  is geometrically possible to have a smooth joining 
of the attached and reflected wave,s. However, a s  is shown experimentally, this 
kind of transition does not always occur and a break does form in the reflected 
wave. The point at which the secondary break forms can be estimated as follows. 
In the coordinate system moving with the triple point the gas velocity behind the 
reflected wave is always supersonic. Let u s  find the boundary of the effect of 
signals which disturb the region behind the reflected wave. Along the tangential 
discontinuity line we lay off velocity u and find the point of intersection of the 
reflected wave with a circle of radius c2. We determine the difference xt  - x.. 

2 
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Figure 54. The Difference x - XI, 
Between Angles at Which the First 
and Second Triple Points Move, as 
a Function of the Incident-Wave 

Velocity. 

It may be assumed that the break on the 
reflected wave which is due to the need 
for joining the processes of reflection 
and flow past the vertex of the wedge 
will take place in point R (Fig. 54) which 
defines the region of influence of angular 
signals in the gas flow behind the re- 
flected wave. The region of influence 
was calculated for version II in air. The 
theoretically calculated data were com- 
pared with the experimentally obtained 
values of x1 - xz (Fig. 54). It can be 
seen that the experimental points lie on 
the theoretical curve. Knowing the 
position of the second triple point it is 
possible to determine from the three- 
shock theory the direction and strength 
of the secondary Mach wave in the vicinity 
of the second triple point. 

The variation in the ratio of specific heats y in a gas heated by a shock wave 
results in appreciable changes not only of the Mach configuration proper. It 
also affects the transition from regular to Mach reflections. 

Calculations show that excitation of internal degrees of freedom in the gases 
under study displaces the limiting angle of transition of regular into Mach re- 
flection by 1 - 3 O ,  increasing the range of regular reflection. 

4. Variation in the Pressure and Temperature of the Wedge Surface 

In an ordinary Mach configuration the gas pressure drops from the Mach 
wave in the direction of the wedge nose. In a double configuration the pressure 
distribution should be different due to the appearance of the secondary Mach 
wave. 
the strength of the secondary wave in the vicinity of the second triple point, 
since the compression wave, or  shock wave which emanates from the second 
triple point interacts with the tangential surface of the discontinuity and the boun- 
dary layer which develops behind the incident wave. Its strength changes. In 
order to determine the strength of the secondary Mach wave on the surface of the 
wedge, the pressure was measured by rapid-response pickups. At the same time 
a platinum resistance thermometer was used for measuring the temperature of 
the wedge surface. The pressure and heat flux pickups recorded a sharp rise in 
the pressure and temperature on the wedge surface. Estimates made on scanning 
of the instant of this rise show that the rise takes place when the region of the 
tangential discontinuity and the secondary Mach wave pass past the sensors. 
Figure 55 shows pressure oscillograms and the temperature recording for the 
wedge surface for a wave reflected in air from a wedge with a vertex angle of 24'. 
The wave velocity was 2400 m/sec. The pressure behind the Mach wave first 
increases, then remains constant again increases and then remains approxi- 
mately constant until the reflected wave from the upper part of the tube arrives. 

In order to calculate the pressure on the surface i t  is not enough to know 
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This means that apparently the secondary Mach wave increases the pressure 
behind the primary Mach wave to the pressure behind the attached wave. An 
additional pressure increase starts to appear at incident-wave velocities of 
about 900 m/sec. The pressure increases with an increase in the incident-wave 
velocity. + 

The additional increase in the wedge-surface temperature, which is recorded 
by the resistance thermometer, is observed in weaker waves when the pressure 
rise is not as yet recorded. In air the additional rise in wall temperature is 
observed for shock-wave velocities of about 635 m/sec. Apparently the surface 
temperature increase is a result of turbulization of the contact surface, as well 
as of the increase in the temperature and velocity of the gas behind the secondary 
shock wave. The resolving power of the apparatus used did not suffice for sepa- 
rating these two factors in time. 

' -A 2 :Mach -Nave ;Secondary wave 

Figure 55. Oscillogram of the Pressure and Temperature 
Variations at the Surface of the Wedge with Time in C 0 2  

for u = 2330 m/sec, po = 12.7 mm of Hg; Wkdge Angle 

CY = 24O. 
0 

0 
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Thus, as the shock-wave velocity increases, the diffraction at the wedge 
result in transition to the double Mach configuration, which is accompanied by 
appearance of a secondary Mach wave, which propagates over the surface of the 
wedge right behind the first Mach wave. This secondary Mach wave increases 
the pressure bn the surface of the wedge and increases the heat flux into the 
surface. The appearance of the double Mach configuration is due to physical 
and chemical processes behind the shock waves and, consequently to changes in 
'y the ratio of specific heats. A s  the incident-wave velocity is increased a 
supersonic region appears behind the reflected wave and the angle between the 
incident and reflected waves starts increasing. The wave at the nose of the 
wedge becomes attached and the pressure behind it starts exceeding the pres- 
sure behind the Mach wave. Then a secondary Mach wave must appears and in 
it the pressure increases behind the first Mach wave to that behind the attached 
wave. 

It is probable that the steady-state Mach configuration, obtained on inter- 
action between two shock waves, should also change in the case of strong waves. 
A double Mach disk should form if the physic'al and chemical reactions reduce 
the ratio of specific heats and increase the flow velocity to the point where angle 
w2 in calculations using the triple-shock theory will become negative. 



CHAPTER 6 

REFLECTION AND REFRACTION OF DETONATION WAVES 

Propagation of shock waves in a medium capable of exothermal reactions 
differs qualitatively from the propagation of shock waves in a medium with endo- 
thermic reactions. A shock wave which is accompanied by a reaction with 
generation of heat cannot propagate in a steady-state manner if its velocity is 
lower than the velocity of the Chapman-Jouguet detonation wave. 
in which exothermal reactions a r e  possible a shock wave propagates at  a moderate 
speed, then a reaction which s ta r t s  a t  some distance behind i t  will result in the 
formation of compression waves which overtake the shock wave and amplify it. 
In this case a detonation wave is formed which moves at  a speed which is first 
higher than the speed of Chapman-Jouguet detonation, and then, in the absence 
of a maintaining gas flow will slow down to the steady-state velocity of the 
Chapman-Jouguet wave. In additlon, the propagation of this wave proper is 
unsteady at distance of the order  of a front thickness, since the structure of the 
front of such a wave is multidimensional. 
A random temperature increase in any region of the shock-wave front is accom- 
panied by production of local ignicion nuclei and transverse shock waves, which 
propagate through the wave front, thus forming a highly complex multi-front 
structure, which is observed in practically all cases of propagation of detonation 
waves. 

If in a medium 

The one-dimensional wave is unstable. 

It  is obvious that the structure of a detonation wave and the laws governing 
i ts  propagation a re  appreciably affected by the boundary conditions which deter- 
mine the flow variables behind the detonation wave. This takes place as  a result 
of the effect on the detonation-wave front of purely gasdynamic phenomena (ex- 
pansion or  compression of the gas, acceleration or deceleration of the flo\v, etc.), 
as well as a result of variation in the rates of chemical reactions behind the 
detonation wave attendant to changes in the gasdynamic properties of the gas flow. 
From this point of view it  is of interest to examine some experimental data on the 
formation and propagation of detonation waves under various conditions. 

1. Effect of Boundary ,Conditions on the Onset of Detonation 

When flame propagation in tubes takes place under certain specific conditions, 
the combustion process in transformed into detonation a s  a, rcsult of the appearance 
of a ser ies  of shock waves ahead of the flame front. 

The process of formation of shock waves ahead of the flame front at the first  
stage of the latter's propagation, when the pressure is the products of combustion 
is  higher than that ahead of the flame front, can he examined on the basis of the 
known Hugoniot solution to the problem of shock-wave formation ahead of an 
accelerating piston [ 180, 1811. 

The relationship between velocity v and acceleration dv/dt of the piston m d  
the point of formation of the shock wave is given by 
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X =  

where a is the speed of sound. 

dv 
(r + 1) 

Comparison of experimentally measured distances from the point of origin 
of a shock wave to the butt of the tube with theoretical values of X for different 
relationships governing the acceleration of the flame shows that the Hugoniot 
relation is suitable for calculating the point of formation of the shock wave 
,ahead of the flame front. However, it is obvious that the motion of a flame 
cannot be completely identified with the motion of a piston in a tube, since a 
flame, unlike a piston, propagates through the gas and, consequently, is not a 
nontransparent piston. In addition, as can be seen from instantaneous photo- 
graphs, the flame front is not plane. 
motion ahead of a flame front Salamandra has studied the propa ation of arti- 

inhomogeneities were produced by heating a thin wire and went into motion to- 
gether with the surrounding medium. The results of this study showed that as 
long as the inhomogeneities are  at a sufficiently large distance from the flame 
front they move without changing shape. Only near the flame front is it possible 
to discern some distortion of the inhomogeneity, which reflects the appearance 
of a velocity distribution near the flame front. The relationshb between the rate 
at which the inhomogeneities moved and the flame velocity was determined from 
scans of schlieren patterns. 
sent out the disturbance, with v the velocity of the gas set into motion by this 
disturbance, it is possible to judge about the ratio between these velocities. At 
the initial time of mixture ignition, as long the flame does not cover the tube 
cross section, the velocity of the gas ahead of the flame front is appreciably 
lower than the flame velocity. After the flame covers the entire tube cross 
section, the gas velocity increases and on further propagation of the flame the 
ratio v /v becomes constant. 

To clarify the characteristics of gas 

ficially-created density inhomogeneities ahead of a flame front B 182 1. These 

By comparing vfl, the velocity of the flame that 

g 

g f l  
It follows from Salamandra's experiments that the gas motion arising ahead 

the accelerating flame under experimental conditions is 0.8 of the rate of flame 
propagation. In this sense the flame acts as a semitransparent piston. Hence 
the point of formation of the shock wave ahead of the flame should be calculated 
using the experimentally obtained gas velocity and the law governing its accelera- 
tion, which is the same as the relationship governing the propagation of the flame. 

However, i t  follows from Eq. (6.1) that the location at which the discontinuity 
takes place is affected primarily by the law governing the acceleration of the piston, 
rather than the absolute velocity of the gas at the boundary with the piston, since 
at subsonic velocities the term depending on the gas velocity comprises a small 
correction to unity. Hence the results of calculations made in [ 181 1 are  in satis- 
factory agreement with experimental results. 
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The velocity field measured experimentally ahead of the accelerating flame 
corresponds to the velocity distribution obtained from calculating the gas vari- 
ables ahead of the flame by the method of characteristics. Measurements of the 
pressure field ahead of the flame made by Oppenheim a re  also in agreement with 
the calculated pressure field obtained by considering the disturbances ahead of 
the flame a s  simple waves [ 179 J .  

The experimental and theoretical determination of the velocity field in the 
gas contained in the region between the shock wave and the flame front, which 
was performed by Salamandra, shows that the shock-wave front and the flame 
front a r e  a single system, since the flow behind the shock wave is affected by 
the velocity changes of the flame front. If the flame slows down after the shock 
wave has formed, then a rarefaction wave is produced, which reduces the flow 
velocity of the gas behind the shock wave. This rarefaction wave overtakes the 
shock wave and weakens it. If the flame continues accelerating after the shock 
wave has formed, then the distrubances sent out by the flame amplify the shock 
wave. 

States with the most variagated distribution of variables in the region between 
the shock wave and the flame front ar ise ,  depending on the flame's acceleration. 
A gas flow with constant pressure and temperature may take place only a s  a 
particular case. 

At the time instants preceding detonation a gas flow with a temperature close 
to that of ignition is formed ahead of the flame front. 

If the gas particles remain in the heated state for a sufficiently long time 
period, then the mixture between the shock wave and the flame front ignites and 
a detonation wave is formed. The instant of ignition and of transition to detonation 
was studied in [ 183-1851. It was shown that in undiluted mixtures the detonation 
wave is formed by formation of ignition nuclei, their combination and interaction 
of the compression waves produced attendant to this with the shockwave front. 
A more uniform state of the combustible mixture is obtained when it is ignited 
behind shock waves reflected from the end of the tube. 
passes from the instant of reflection of the shock wave and to the formation of 
the ignition nuclei can be identified with the reaction induction period. 
cess  was studied in details in [ 186-1901. It was  established that for highly di- 
luted mixtures ignition behind a reflected wave takes place by formation of a 
combustion wave uniformly over the entire tube cross  section, while for  rich 
mixtures this takes place by nucleate ignition. Figure 56 shows high-speed 
photographs of the reflection of a shock wave from the end of a shock tube in a 
mixture of 2H2 $. 02. One can see the formation of a nucleus behind the re- 
flected shock wave and then the formation of detonation wave. It is noted in 
[1901 that the ignition mechanism depends not only on the chemical composition 
of the mixture, but also on the fact whether it was preheated. Changes were 
recorded in the mechanism of ignition of the 0.1 H2 + 0.1 O2 +. 0. SA mixture 

depending on whether i t  was ignited behind a reflected wave (Le . ,  preheated) o r  
behind an incident shock wave. Here the temperature and pressure were identical 
in both cases. 

In this case the time that 

This pro- 
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E the gasdynamic conditions of the flow are such that the time during which 
the gas resides behind the shock wave is less than the induction time of the mix- 
ture then there is no ignition and the gas behind the shock wave behaves as an 
inert medium. These conditions a re  created, for example, on deceleration of 
a supersonic flow of a reaction-capable gas by an obstacle. Figure 57 shows a 
sequence of frames of flow of 4H2 -t- O2 past a hemisphere placed in a shock tube 

[ 1911. When the shock wave moved at  M = 2.62, the temperature behind the 
incident wave was 656OK, the gas velocity was 870 m/sec and the Mach number 
of the flow behind the incident wave was 1.24. When such a flow takes place 
about an obstacle, the gas behind the detached shock wave is decelerated, which 
is accompanied by additional increases in temperature and pressure. 
lations show that when the gas is fully stagnated the temperature behind the shock 
may be as high as 870°K. In the regions behind the detached shock wave, where 
the gas velocity is half of the initial velocity behind the shock wave the tem- 
perature is 845'K. 

Calcu- 

Under these conditions ignition did not take place when the flow was decele- 
rated by an obstacle. At the same time, when shock waves were reflected from 
the end of a shock tube ignition took place at these and even at lower temperatures 
(see Fig. 56). The ignition delays determined behind a reflected wave in 4H2 -t- 
0 mixture were 5-100 psecs for temperatures of 860-790%. 

The time during which the gas sojourns in the high-temperature region be- 
2 

hind the detached wave ahead of the body past which flow takes place can be 
determined by assuming that the dimension of the high-temperature region be- 
hind the detached shock in the direction of the gas motion is equal to the distance 
from the shock to the forward edge of the body, and by assuming that the gas 
flows in this zone with the speed equal to half the flow velocity behind the shock. 
For a half sphere the distance from it to the shock under conditions of the given 
experiment is 1.5 mm 11911, for a wedge with a half opening angle of loo for 
M = 1.2 the distance from the shock to the forward edge is 2 mm [ 193 1. Conse- 
quently, the time during which a given volume of gas is situated in the high-tem- 
perature zone between the wave and the sonic line for gas flow velocities of 
u > 400 m/sec is not more than 5 psecs for both the half sphere and wedge. 
Thus, the time during which the gas is held at high temperature in these experi- 
ments was found to be less than the ignition delay time, which was responsible 
for the fact that the mixture did not ignite. 

If the flow regime is selected so that the time during which the gas sojourns 
behind the detached wave is greater than the ignition delay time, then i t  is pos- 
sible to observe the phenomenon of period ignition of gas. After ignition, the 
shock wave maintained by the combustion starts to propagate upstream. The 
detonation wave which is produced in this manner is damped out due to expansion 
at flanks and a result of radial expansion behind the wave and again becomes a 
shock wave, which is carried down by the flow to the initial position at the decele- 
rating surface and the process is again repeated. This process was observed by 
R. I. Soloukhin [ 1941 in a mixture of ethyl alcohol, air and oxygen at an initial 
pressure of 0.05 atm and with incident shock-wave velocities of 1420-1460 m/sec. 
If the flow is arranged so that the detonation wave produced on ignition behind the 
detached wave is not accompanied by a rarefaction wave, then its propagates up 
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Figure 56. Onset of Detona- 
tion on Ignition of a 2H2 + O2 

Mixture Behind a Reflected 
Shock Wave. 

and down stream from the decelerating obstacle. 
Such a flow was observed, for example, on pro- 
pagation of a shock wave in a duct with a con- 
cave angular depression in a H2 + O2 mixture 
1195. 471. 

The above examples of the origin of 
detonation show that the mechanism of detona- 
tion-wave formation is determined by the flow 
variables behind the shock wave and the kinetics 
of the chemical reactions behind them. Even if 
the heat generation as a result of the chemical 
reaction behind the shock wave takes place a t  
a sufficiently high rate,  detonation is estab- 
lished depending on the law governing the 
variation in gas parameters behind the shock 
wave. If, however, the shock wave is not 
sufficiently strong, then the temperature 
across the shock front does not suffice for a 
rapid heat generation. Ignition takes place a t  
some distance from the front. In this case the 
development of the process also depends on the 
conditions of gas flow behind the shock wave. 
If the flow is arranged so that there is no 
rarefaction wave behind the shock wave (for 
example, in a shock tube o r  behind a reflected 
shock wave), then there are produced reaction 
nuclei, and these interact with the shock wave 
to produce detonation. If, however, the shock- 
wave is followed by a rarefaction wave, then 
conditions for development of ignition nuclei 
a r e  not a s  good due to the temperature reduction, 
and detonation may not set  in. 

2. Detonation Wave Structure 

The propagation of a shock: wave in a mixture capable of exothermal reaction 
is unsteady and results in the formation of a detonation wave, i .  e., of a system 
consisting of a shock wave and a combustion zone. The structure of the detonation 
wave in the one-dimensional approximation, taking into account finite rates of 
chemical reactions in the combustion zone was considered by Ya. B. Zel'dovich [ 6 1. 

In the coordinate system moving with the wave the detonation wave in the one- 
dimensional theory has the following form. A relaxation zone, in which molecular 
vibrations are excited and in which the chemical reaction occurs is situated be- 
hind a shock wave in which a re  excited translational and rotational degrees of 
freedom of the molecules of thl2 consumed gas. The gas velocity in this zone is 
subsonic, increasing gradually attendant to the generation of the heat of reaction. 
The subsequent state of the gas depends on the conditions of flow behind the 
detonation wave. In the presence of a piston which maintains the gas flow, the 
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gas velocity remains subsonic. When a 
driving piston is not present, the deton- 
ation wave is converted into a self- 
sustaining detonation. The gas velocity 
increases to the speed of sound in the 
plane in which the chemical reaction is 
completed, i. e. , in the Chapman-Jouguet 
plane. This is followed by an unsteady 
rarefaction wave, which does weaken 
the detonation wave, since its leading 
front propagates with the speed of sound. 

In the laboratory [stationary] co- 
ordinate system the detonation velocity in 
the Chapman-Jouguet plane is equal to the 
sum of the speed of sound and the velocity 
of the gas flow behind the detonation wave 
(Chapman- Jouguet condition). Since 
sound in a medium undergoing relaxation, 
which is here represented by the hot gas, 
may propagate at any speed (see Chapter 
4), the question arises: what is the speed 
of sound relative to which the Chapman- 
Jouguet condition is satisfied? Since the 
leading front of the rarefaction wave pro- 
pagation with the frozen speed of sound, 
it has been concluded by a number of 
authors that the Chapman-Jouguet con- 
ditions should be satisfied with respect 
to the equilibrium speed of sound 1196, 1981. 

! 
Y 
i 

Figure 57. 

Mixture Past an Obstacle in a 
Flow of a 4K2 + O2 

Shock Tube. 
/121 It was found in considering the - 

stability of the one-dimensional configura- 
tion that in the majority of cases the one-dimensional system consisting of the 
shock wave and the combustion zone is unstable. This instability and complex 
multidimensional structure of the detonation front were verified experimentally. 
This problem is considered in detail in 132-34 1. Different theoretical models of 
the onset of instability and of the detonation-wave structure a re  presented in 
r178, 2101. Instability is due to the high temperature dependence of the reaction 
rate in the wave. Multidimensionality of the detonation front structure is observed 
in practically all the mixtures that were studied for Chapman-Jouguet waves and 
for somewhat overcompressed detonation waves. 
waves (when the energy generated in the process of the reaction does not make a 
perceptible contribution to the energy balance) a re  analogous to shock waves, then 
their structure is close to one-dimensional. 
agreement with calculations made on the one-dimensional theory with variables 
across fronts of high overcompressed waves [ 199, 201 1. In addition, one- 
dimensional detonation can be obtained as a transient r e g m e  attendant to expan- 
sion of an overcompressed wave in a nozzle [2021. 

Since highly overcompressed 

Experiments show satisfactory 
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The instability of the one-dimensional system consisting of a shock wave 
with a combustion plane is responsible for the fact that a disturbance produced 
in the Chapman-Jouguet plane is amplified, transferred in the plane of the shock, 
distorts its surface, and produces transverse waves. The entire front surface 
breaks up into cells, whose dimensions a re ,  by order of magnitude, equal to the 
length of the reaction zone in the one-dimensional model. 
geneities in the front depends on the reaction rate and is characteristic for the 
given explosive mixture. 

The size of the inhomo- 

It w a s  determined errperimentally that when the dimensions of the tube cross  
section correspond to the width of one zone, spin detonation takes place in the 
tube. The structure of an individual cell thus corresponds to the structure of 
the front in spin detonation, i. e., a system of three-shock configuration of 
waves. Spin detonation was  stu.died in detail in 1203-2051. 

When the number of cells cln the detonation front is large, each three-shock 
configuration moves along a spj ral ,  colliding with other configurations, breaking 
up and reforming again. The pattern of the motion of transverse wave along the 
detonation-wave front was studied in 1206-210, 2441. As  a result of this com- 
plex structure, a large number of disturbances is observed in the flow of the 
consumed gas behind the self-sustaining detonation wave. 
the tube axis extend from each cell on the wave front into the consumed gas. 
lisions between triple configuration produce compression waves which propagate 
back into the consumed gas, i. e. , detonation waves are formed. In addition, as 
is shown in Chapter 5, tangential discontinuities in triple configuration a r e  un- 
stable. They curl into eddies. Hence the existence of three-shock cells in the 
front should produce turbulence. The inhomogeneous structure of detonation 
waves is well seen on photographs taken by the Tupler method (Fig. 58). 
figure shows frames of a wave propagating in the CH4 + 2 0 2  mixture initially at 
atmospheric pressure. The wave moves from left to right. The tube is square 
and has a c ross  section of 3 x 3 cm. 
position of the knife edge in the IAB-451 instrument 12111. Figure 58, a depicts 
disturbances produced by slots in the chamber wall. The exposure time was 0.5 
psecs. 
of 2.37 km/sec the blurring of the wave's image on the film should not exceed 
0.15  mm, i. e . ,  the thickness of the black line on the picture (2 .5  mm as actually 
measured) corresponds to the width of the zone with transverse shock waves. 
The ensemble of pressure gradients in the reaction zone is so  large, that for any 
position of the knife edge of the IAB-451 the beam goes past the limits of the 
diaphragm and produces illumination on the negative. Estimates of the thickness 
of the reaction zone made for methane-oxygen and hydrogen-oxygen mixtures on 
the basis of schlieren photographs agree with estimates made by other methods. 
The width of the zone is, by order of magnitude, equal to the distance between 
fftrailsff  arranged parallel to the axis of the tube. 

"Trails" situated along 
Col- 

The 

The photographs were taken for  different 

For this exposure time, reduction factor of 8 and detonation-wave velocity 

When the initial pressure is reduced, the sizes of cells in the front increase 
and the distance between the "trails" becomes larger. The motion of these 
"trails" is quite well seen on frames of the reflection of a detonation wave from 
a tube butt at a pressure po = 200 mm of Hg (Fig. 67). Disturbances traveling 
up and down stream should be shaded differently for a given knife-edge position. 

/122 - 

/I23 - 
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a b 

Figure 58. Detonation Wave in a CH4 3. 2H2 
Mixture. The Knife Edge of the TAB-451 
Instrument is Introduced from the Left (a), 

from the Right (b). 

Waves propagating upstream are  dark, while those moving downstream are  
light. 

The consumed gas situated behind the wavefront is inhomogeneous. The dis- 
turbances become washed out and exist at an appreciable distance from the front. 

Inhomogeneities in the gas behind the front may be produced by oscillation 
of gas in the trails and as a result of turbulence, which develops due to the 
curling up into eddies of the contact discontinuities of triple configuration in the 
front. The turbulent disturbances should propagate together with the gas flow. 
In our experiments the disturbances in the consumed gas move from the front 
at the speed of sound, i. e. , the disturbances behind the front are not turbulent 
disturbances, but sonic waves (Fig. 58 and subsequent figures). 

Figure 59 shows scans obtained from a wave moving in a stoichiometric 
mixture of methane with oxygen at initial atmospheric pressure [211J. The 
upper scan is that of normal reflection of a deflection wave from the end of the 
tube. In addition, a scan is shown of the self-luminosity and a schematic of 
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Figure 59. Scans of the Motion of a 
Detonation Wave in d H 4  + ZO,,. 

4 

disturbances which arise in the con- 
sumed gas. The trails, which a r e  
situated almost parallel to the axis, 
produce traces on the scan. Y lines 
a re  obtained due to the motion of 
heated gas volumes. The inhomo- 
geneities in the flow of consumed gas 
behind the front produce on the 
schlieren photograph streaks CY di- 
rected away from the front; these 
apparently originate on the wave front. 
These so-called retonation waves 
were observed on scans in [214,215, 
2211 Retonation waves apparently 
ar ise  a s  a result of ignition of the gas 
at the instant of collision of trans- 
verse disturbances. In spin detona- 
tion, when one head of the spin (one 
transverse wave) moves along a 
spiral path and collisions a r e  absent, 
there are no retonation waves [33, 
2161. Retonation waves propagate with 
the speed of sound in the flow of con- 
sumed gas. Figure 60 shows a scan 
obtained a s  a result of refraction of a 
detonation wave from a combustible 
mixture of CH4 + 4 0 2  to a mixture of 

CH4 + 202. Here a reflected rare- 

faction wave, whose leading front 
propagates in the flow of consumed 
gas with the speed of sound, appears at  

the interface. 
from it  move at the speed of the forward front of the reflected rarefraction wave, 
i. e. , with the speed of sound relative to the flokv. 

Retonation waves originate at the front proper and a large-distances 

Due to the inhomogeneous structure of the detonation front, the state of 
the products of combustion in the plane where chemical reactions have been com- 
pleted should differ from the state calculated from the one-dimensional theory 
using the Chapman-Jouguet condition. 

The gas passes the reaction zone with i ts  systems of triple configurations 
and then moves along the axis of the tube in such a manner that if this zone is 

the state of the gas which is introduced by consideration of three-dimensional dis- 
turbances in the reaction zone. Due to the inhomogeneous structure of the detona- 
tion front the end condition of the combustion products and the Chapman-Jouguet 
condition should change. 
of a detonation wave, taking into account three-dimensional disturbances which 
have been designated a s  ffturbulencevf in the reaction zone. 
tube is sufficiently wide, i. e. , that we a r e  dealing with a one-dimensional case. 

/125 excluded i t  is possible to apply the conservation laws and examine the change in - 

References [200, 217, 218 1 have considered the structure 

It is assumed that the 

c 
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Figure 60. Scan of the Refraction of a Detonation Wave on 
Passing from a CH4 + 402 to a CH4 + 202 Mixture. 

It is shown that at the end of the reaction zone we should get a condition which 
lies on the Hugoniot curve calculated without consideration of losses, but cor- 
responding to higher velocities than the Chapman-Jouguet velocity. It is pos- 
sible to obtain states corresponding to the given higher velocity, which would 
situated on the overcompressed as well as undercompressed parts of the Hugoniot 
curve. In the above references no consideration was given to the energy trans- 
mitted to the trails and retonation waves, and the energy spent for forming of 
eddies upon disintegration of tangential discontinuities. 

In order to establish the quantitative changes in the state of the gas in the 
Chapman-Jouguet plane due to multidimensionality of the reaction-zone structure 
it is necessary to consider experiments for determining the gas variables in 
which an extrapolation was made for an infinite tube diameter, o r  those per- 
formed in wide tubes. The detonation rates of stoichiometric mixtures of 
ethylene and propane with oxygen with different admixtures of nitrogen were 
measured in tubes of different diameter and up to 50 m long [212, 213, 224-2261. 
It was found that detonation propagates with a velocity which is constant to within 
0.1%. The detonation rates reduces to an infinite diameter increase the theo- 
retical values by 0.2-0.3%. 

The measured pressure ratios in a C2H2, 0 2 , K r  mixture [1991 were 1.70 

including a correction for the tube diameter, the theoretical value being 1.78. 
The pressures measured in H -0 mixtures of different composition in a tube 
10 cm in diameter differed from the theoretical values by not more than 6% 
[222 1. 
to inhomogeneity of the front structure a re  contributed to the experimental re- 
sults by losses in friction and heat transfer from the wall of the tube. Differences 
between experimental and theoretical values are also possible because the re- 
gime is sometimes unsteady due to insufficient tube length. 

A number of authors has observed the so-called double detonation waves 
[200, 220, 2221. 
wave at a speed only somewhat lower than that of the latter. The origination 

2 2  

Greater deviations from theoretically calculated than those attributable 

A shock wave moves at some distance behind a detonation 
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of these waves was attributed in l2001 to unsteady transition from an over- 
compressed to a Chapman-Jouguet wave. When detonation occurs in a tube the 
wave first moves at somewhat higher velocities, and then is gradually slowed 
dokin. Transition to the steady-state velocity does not take place with gradual 
sloLving down of the wave, but attendant to separation of compression waves which 
move behind the detonation waves, and at  slower speeds. It is possible that this 
phenomenon is also related to energy lost in heat transfer through the tube walls. 
In narrow (d = 1 . 5  cm) tubes an entire system of compression waves following the 
detonation wave is produced [223 1.  In our experiments with methane-oxygen 
mixtures double waves were produced under a number of regimes is the mixture 
was ignited by a spark from the SFR-L instrument. At atmospheric pressure 
detonation in the CH2 + O2 mixture took place at a distance of 50-60 cm in a 

3 x 3 cm tube. Only one wave was observed a t  a distance of 314 cm from the 
point of ignition. At a distance of 230 cm a compression wave was seen moving 
behind the detonation wave. 
the distance between these waves started increasing. When the initial pressure 
was reduced, the point of origin of the second compression wave was displaced 
from the ignition point. Figure 61 shows a sequence of frames obtained at  a 
distance of 350 cm from the point of ignition. The secondary waves show up 
as thin lines on the scans. It can be seen from the frames that the secondary 
waves a re  blurred and distorted. 
pression waves is verified by schlieren photographs, The detonation wave arrives 
in the field of vision 2800 psecs  after ignition. When the ignition energy was 
increased (when it  was produced by discharging an 180 mmf capacitor charged to 
2 kV) a single wave, moving at constant velocity on the segment from 250 to 400 
cm was observed at  distances from 214 to 4000 cm from the point of ignition. 
A t  the 350 cm distance the wave was observed 1630 psecs  from the instant of 
ignition, i. e. , in this case the pre-detonation segment was much shorter than 
when the mixture was ignited by a spark from the SFR-L. It is probable that in 
this case, due to the high overcompression of the wave, transition to the steady 
state should take place at  a greater distance from the ignition point. Studies of 
wave refraction and reflection were performed using these detonation waves. It 
is shown in the following paragraph that the pressure in such a way exceeds by 
15-20?, the pressure calculated for the Chapman-Jouguet detonation. 

At a distance of 350 cm from the point of ignition 

The fact that these waves a r e  actually com- 

Deviations from theoretical values also arise due to losses in friction and 
heat transfer at the tube walls. Heat transfer and friction losses at  wal ls  re- 
sult in the appearance of boundary layers in the flow behind a detonation wave 
and of rarefaction waves, which propagate from the wall radially toward the axis 
of the tube in the same manner as this takes place for shock waves. If the 
reaction zone is sufficiently large, these processes may affect the progress of 
chemical reactions in the zone proper. The problem of Chapman-Jouguet con- 
dition for waves moving in tubes of finite size and of variables which a r e  at- 
tained in this case in the Chapman-Jouguet plane was solved by Zel'dovich and 
Fay [219, 198 1. Here the point depicting the final state lies on an isentrope 
corresponding to the total energy loss. It is possible to make a transition to 
an infinite diameter by extrapolating the curves of the variables under study 
relative to l /d  to zero, wheTe d is the tube diameter. Linearity of these extra- 
polation was proven experimentall:, in [224, 2251. These experiments show 
that the flow variables vary perceptibly due to losses. Measurements of 
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detonation rates in narrow tubes yield values by 1-3% lower [224, 227 1. 
sures in a 1.5 cm tube in experiments [ 222 1 a r e  by up to 20% lower than ex- 
perimental values. 

Pres- 

/128 Greater disagreement with theoretical values is exhibited by the velocity of - 
retonation waves. Detonation wave velocities D and retonation wave velocities 
(a1 - v ), where v is the gas velocity behind the front of detonation waves in the 
laboratory [ stationary] coordinate system were measured from scans. Our ex- 

1 1 
- 

periments were performed in three square tubes: 3 x 3 cmz and 5 m long; 5 x 5 
2 2 cm and 6 m long, 7.2 x 7.2 cm and 8.3 m long. 

Stoichiometric mixtures of commercial methane and hydrogen with medicinal 
oxygen were prepared in gasometers above water by volume and were inter- 
mixed for several days. Then they were ignited by discharges from a 180 mmf 
capacitor charged to 2 kV. The detonation wave was produced at  distances of 
40-60 cm from the point of ignition at an initial pressure of 1 atm. 
tube at  a distance of 1.5 m from the point of ignition the detonation-wave velocity 
was above its steady-state wave. Starting with distances of 2.5 m the detonation- 
wave velocity became constant within f 50 m/sec, which is within the limits of 
experimental error. Below are presented values of velocities measured at 
distance 1 from the point of ignition, and values extrapolated linearly to an in- 
finite tube diameter (l/d = 0) 

In the narrowest 

CHrf PO* %+On 
Experimental 3 x 3  CAP. 7.2X7.2 c.+, k0 5 x 5  c .u~,  7 . 2 X 7 . 2 ~ ~ 3 ,  +-, 
D. m/sec 2290330 2350+50 2400 2750k50 2520&50 2850 
(%--VI), m/sec’&f70 3iOkt40 320 520k30 505rt20 450 

variables 1 4 0 0  w k500 C.M [=So0 CAI 1=800 C& 

The detonation rate almost does not change within the limits of experimental 
error  when varying the diameter, the quantity (al - vl) differs from its value 

for an infinite diameter by 30% in the case of CH4 + 02. 

The calculation of the detonation rate and the variables behind the detonation 
wave for a stoichiometeric mixture of hydrogen with oxygen was taken from 
[ 228 1. The wave variables in the methane-oxygen mixtures were calculated 
using data on the thermodynamics of combustion products, obtained by I. S. 
Pleshanov in the G. M. Krzhizhanovskiy Power Engineering Institute of the 
USSR Academy of Sciences. Below are presented variables for the detonation 
isentrope for a CH4 + 202 mixture at an initial pressure of po = 1 atm and 
initial temperature of T = 293OK 0 

2.437 2.393 2.395 2.61 
25 28 30 5Q. 
3670 3705.7 3729.8 3917.8 
0.630 0.571 0.536 0.345 

D. km/sec . . . 10.03 
PI atm . . . . . 15 
Ti, OK . - . . .%a 
2- . . . . . . . .0.983 
PI. d c m 3  . - . .1.102.10-3 f.73i.iO-3 1.916-10-3 2.039.10-S 3.169-10-3 
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Figure 61. Double 
Waves in a CH4 + 

2 0 2  Mixture. 



where Hi is the molar enthalpy of the components, and Ni is the number of atoms 
of the given type 

The summation was taken over all kinds of atoms. The values of af and a 
determined from 

were ff 

where yf  and Yff are the ratios of specific heats in the combustion products for 
a known frozen composition. The enthalpies of components in these calculations 
were taken from tables of f 118 1. 

From the values of the detonation isentrope thus obtained were calculated 
variables in the Chapman-Jouguet point, if it is defined as a point where the ve- 
locity of the combustion products relative to the detonation front is equal to the 
equilibrium speed of sound. Below are  presented values of gas variables in the 
Chapman-Jouguet plane for a 2H2 + O2 mixture, taken from [2281 for the 
"equilibrium" Chapman- Jouguet condition 

CHI+ 202 
D, km/sec. . . . . . .  2.392 
p1, atm . . . . . . . .  29.7 
2 . .  . . . . . . . . .  0.w1 
v. km/sec . . . . . . .  1.097 
T, O K ,  . . . . . . . .  3725.7 

( O ~ ~ - Y ~ ) ,  km/sec . . .  0.198 
p . .  . . . . . . . . .  21.09 

(aaj-v~), km/sec. . . .  0.239 
(alff-vd. km/sec, - - . 0.331 

2HafOa 
2.846 

18.80 
0.543 
1.54 

0 - 240 
0.357 
0.457 

Comparison of theoretical values of (al - vl) with experimental quantities 

shows, first, that the speed of sound in the consumed gas relative to the flow 
velocity in small-diameter tubes differs appreciably from that theoretically 
calculated. 

, 
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It should be taken into account in comparing theoretical with experimental 
data that measurements in the 3 x 3 cm were made a t  a distance of 400 cm from 
the point of ignition. 
although its velocity was constant within the limits of experimental e r r o r  at 
distances of 250 cm from point of ignition. It follows from the table of variables 
of the detonation isentrope that displacement of the point depicting the final  state 
into the overcompressed region results in reducing the magnitude of (al - vl), 
consequently, this quantity measu:red at a distance of 400 cm can only be lower 
than the steady-state value. Consequently, it is impossible here to calculate 
the gas variables behind the detonation wave using conservation equation, i. e., 
without consideration of losses. The point depicting the final state does not lie 
on the equilibrium Hugoniot curve, 

The wave was somewhat overcompressed (see Section 3)’ 

Secondly, comparison of experimental data reduced to an infinite diameter 
with those obtained by calculation shows that velocity (al - vl) is identical with 

that calculated on the assumption of a speed of sound with frozen dissociation 
and vibrations. This corresponds to an effective ratio of specific heats of 
f = 1.39 for the CH4 + 202 mixture. The fact that acoustic sonic waves propagate 
with speeds frozen with respect to dissociation and vibrations is in agreement 
with results presented in Chapter 4. The acoustic waves move at  the same 
speeds as the forward front of the rarefaction wave. It is known that this front 
should propagate in a gas undergoing relaxation with a velocity frozen relative to 
excitation of vibrations during a time period of the order  of the vibrational re- 
laxation time. It was shown in 1229, 2301 in which a centered rarefaction wave 
in oxygen undergoing relaxation was studied, that distances, determined experi- 
mentally by the schlieren method, at which the forward front of the rarefaction 
wave moves with frozen spzed of sound a r e  by order of magnitude greater than 
those expected on theoretical considerations. The time of 30 psecs  during which 
the rarefaction wave moved in our experiments at a constant frozen velocity is 
approximately exactly ten-fold longer than the time which can be obtained by 
estimating various relaxation times for a gas behind a detonation wave. 

It i s  interesting to note that in experiments performed by Bone and F rase r  
[2311 in a moist mixture of 2CO + O2 were obtained the following: D = 1760 

m/sec, v = 780 m/sec and al - v1 = 320 m/sec. While D and -vl agree with 
theoretical values, the magnitude of al - v1 exceeds somewhat even the value 
calculated on the assumption of frozen dissociation and vibrations. Apparently, 
this increase, as in the case of CI14 + 2 0  

finite tube diameter, 
pagates at  a speed corresponding 1;o Y =  1.39 is used in the following section for 
determining the flow variables behind detonation wave.$ in narrow tubes. 

takes place due to the effect of a 
The fact that the forward front a rarefaction wave pro- 

2’ 

3. Effect of Variation of Tube Cross Section on the 
Detonation-Wave Structure 

When the cross  sectional area of the tube is increased, the steady-state 
detonation wave may either be damped out o r  become a spherical detonation 
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wave [233, 2361. The detonation wave may disintegrate attandent to a sharp 
reduction in the pressure behind the wave, since the processes taking place 
across the detonation-wave front are  related to the state of the consumed gas. 

We consider the two-dimensional case of diffraction of a detonation wave in 
a mixture of CK4 and 202 [234, 2351. The detonation wave propagated through a 
square tube 3 x 3 cm in cross section. At 4 m from the closed end was placed 
the viewing section, with optical glass inserted in two of its walls flush with the 
metal walls. The two other walls of the section had slots into which metal in- 
serts of various shape could be placed so that the detonation wave could be 
forced to flow past angles of 65, 90 and 1150. In a number of cases the wave was  
made to simultaneously flow past wedges placed from top and bottom. 
shows a sequence of frames of the flow of a detonation wave past a 90° angle. 
The exposure time of each frame was 0.5 psecs, the frames succeeded one 
another at 4 psec intervals, and the initial pressure was 1 atm. The shadow- 
graphs were taken by the SFR-L high-speed camera. An IAB-451 instrument 
with standard knife edge was used. This edge was placed vertical, perpendicular 
to the tube axis. 

2 

Figure 62 

In the flow about the wedge the incident wave propagates into the region be- 
hind the wedge, and its strength varies along the front. The lowest strength is 
in those points of the front which move along the side of the wedge. A pressure 
reduction, i. e. , rarefaction wave, propagates upstream. The entire pattern 
has the form shown in Fig. 63. 

The pressure in region KBAO, situated between the forward front of the 
rarefaction wave and the diffracted shock-wave front is not constant. The wave 
is weakened more extensively with smaller angles 6 

We now present ratios of velocities of those parts of the front which move 
along the wall, to the velocity D of the incident detonation wave as a function of 
the streamlined angle 6: 

8 . .  . . . 65" 90" 115" 
DJD . . 0.32i0.06 0.47-cO.CE 0.51y3.05 

The diffraction process is self-similar. This was checked in the same 
manner as for Mach reflection in Chapter 5. Figure 64 shows successive 
positions of the detonation front for a number of rays (1-6) drawn from the 
vertex of the wedge. On self-similar motion and flow past a 65O angle the points 
in r, t coordinates should lie on straight lines, which is seen on the graph (r 
is the distance along the ray). The point of contact between the disturbed and 
undisturbed parts also moves at a constant angle of 23.6" f 1". The weakened 
parts of the detonation front disintegrate. They are  overtaken by a shock wave 
which is separated from the combustion zone. 
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Figure 6 2 .  Diffrac- 
tion of a Detonation 
Wave Flowing Past 
a 90° Angle. A 
CH4 -k 202 Mixture. 

The motion is self- 
similar most probably 
due to the fact that the 
detonation wave is not 
weakened gradually, but 
rather disintegrates 
immediately and com- 
bustion behind i t  takes 

at  the contact surface 
between the fresh gas 
(heated by the shock 

Figure 63. Schematic place at a low rate only 
Diagram of Fronts At- 
tenclant to Diffraction 
Detonation Waves. 

wave) and the consumed 
gas. Hence the process 
does not contain quanti- 
ties which are separately 
time- o r  position-de- 

KB--Front of Dif- 
fracted Wave; AB-For- 
ward Front Of Reflected 

Parefac tion Wave. 

pendent. It was  found 
in [2061 dealing with dif- 

fraction of spin detonation that the detonation wave dis- 
integrates at a low pressure and it was also concluded 
that combustion at the contact surface propagates at 
approfimately the rate of normal combustion relative 
to the fresh gas, i. e., with the velocity which is 
negligible as compared with the velocity of the shock 
wave and the contact surface. Due to the fact that 
this process is self-similar, it is possible to estimate 
from photographs the velocities of individual parts 
of tlie front, since in self-similar motion the velocities 
of individual points of the front will be proportional to 
vect.ors dropped perpendicularly from the vertex of the 
wedge onto the tangent to the front at this point. Then 
the velocities of the front's segment can be used for 
determining the flow variables behind these segments. 
The temperature drops so sharply that reaction cannot 
take place directly behind the shock wave. In the case 
at  hand the distances from the shock wave to the con- 
tact surface behind the weakest segments of the front 
are insufficient for igniting the gas. The time during 
which the gas is compressed is less than the induction 
time. 
temperatures and pressures behind shock wave moving 
along the wall, and the times t during which the gas is 
under compression. 

Below are presented the induction times 7 for 

6. deg . . . .  . I15  90 
T ,  " K .  . . . .  .GO 1000 
't, sec . . . . .  .3.5-10-4 8-  10-5 
t ,  sec . . . . .  .5-10*  9 .4 -  10" 
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r, mm The induction times for methane- 
oxygen mixtures were taken from l2371. 

The disintegration of the detonation 
wave may continue until, as  a result of 
self-similar increase in the distance 
between the shock wave and the contact 
surface, the mixture will be held in the 
region of shock-compressed gas for such 
a time which is comparable to the in- 
duction time. Of course, no interaction 
between rarefaction waves moving from 
opposite sides of the tube should not take 
place during this time. In this case the 

U 2 4 6 8 1 0  
t .  u sec 

‘ 1  rarefaction wave which is deflected from 
the axis of the tube as a rarefaction wave 
will even more weaken the shock wave 
and the detonation wave will be com- 
gletelv attenuated. Diffraction emeri- 

Figure 64. The Position of In- 
dividual Points on the Detonation- 
Wave Front During Diffraction as 

a Function of Time. 
menti were used for  determining sepa- 

rately the flow velocity and the speed of sound in the gas behind a detonation 
wave. 

The point of contact between the undisturbed part of the wave and the diffrac- 
ted part moves at the same angle a* for all the angles past which flow takes place 
(Fig. 631, since this angle characterizes only the variables of the consumed gas. 
Angle a* is a function of vl, al and D (the flow velocity, speedof sound behind 
th.e detonation wave and detonation-wave velocity, respectively). 

[ i:arefaction-wave] propagation along the shock. From triangle CDB this velocity 
is 

Segment CB on Fig. 63 is proportional to the velocity of pressure-drop 

The tangent of the angle at which the point of contact moves is determined 
from triangle OCB, since OD = v1 

va;9 - (D - V I ) =  

D tanu* = (6 .3)  

Knowing the parameters of the incident wave, i t  is possible to use this ex- 
pression for finding tan a*. 

In our case by measuring OA = a - vl, a* and OC = D, we determine the 
values of D, a and v behind the incident wave 1 1 
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D == 2300 & 100 m/secj 
uI := 1100 90 m/sec; 
al := 15&0 +- 160 m/sec. 

It follows from the above values of the variables that v1 + al > D, i.e. , the 

wave is overcompressed. The large e r ro r s  in this case are due to the fact that 
the above values were obtained in several experiments performed at distances 
of 2500 and 3500 mm from the end of the tube. 

It was shown in the preceding section that in a 3 x 3 cm tube the state of the 
gas behind the detonation wave differs from that calculated on the basis of the 
equilibrium Hugoniot curve. Knowing the values of Dl, v and al, this conclusion 
can be verified as follows. Using the conservation equation without consideration 
of losses and the expression uZ1 = pl/prr for the speed of sound, it is possible to 
determine the effective value of y in the expression for the speed of sound if a 

v and D are known. The value y = 1.62 f 0.16 obtained in this manner shows 

that conservation laws without Consideration of losses cannot be used. The 
point depicting the state of the consumed gas [thus] does not lie on the equilibrium 
Hugoniot curve. 

1 

1’ 
1 

In [ 6 1 the losses attendant to propagation of a detonation wave in a tube were 
taken into account in the one-dimensional approximation. In this case consider- 
ation of losses modifies all the conservation equations with the exception of the 
continuity equation. Applying tbe latter equation to our case we get that po/pI = 
0.521. The pressure behind the wave can be obtained from u2 = yp/p. We shall 
assume in keeping with results of Section 2,  that the sound near the detonation 
wave propagates at a speed which is frozen relative to vibrational excitation, 
i. e., accordingly 1’ = 1.39. Then the pressure and temperature behind the wave 
a re  p1 = 35.6 atm and T1 = 3980°K, the equilibrium ye in this case being 1.245. 

Let u s  consider another version, We assume that the experimentally-calculated 
speed of sound al is the equilibrium velocity relative to vibrational excitation. 
This assumption yields: p1 = 39.4 atm, T1 = 4200°K and y.e = 1.265. 

4 .  
Detonation Waves 

The reflection of a detonation wave gives rise to an overcompressed detona- 
tion wave due to the increased pressure behind the wave. If a process is brought 
about in which the pressure undergoes a sharp drop, then, as in the case of dif- 
fraction, the detonation wave may disintegrate. This process was obtained on 
refraction of a detonation wave, i. e . ,  on i t s  passing from one explosive medium 
to another. This is accompanied by formation of a triple configuration con- 
sisting of the detonation wave, a shock wave and a rarefaction wave. 

The following setup was  used in refraction experiments with detonation 
waves 12111. A square detonation tube 3 x 3 cm2 in cross  section was separated, 
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in its viewing section, into two parts by a thin film, stretched at an arbitrary 
angle to the axis of the tube. The detonation wave propagated through the and 
was refracted at the interface between two mixtures. A similar arrangement 
was used in [ 232 1. The films were made from a nitrocellulose solution (specific 
weight d = 1.68 grams/cm3). The composition of the solution was 100 milliliter 
of a 2.6% solution of nitrocellulose in an amilocitate-acetone mixture (in the 
2:l ratio), 70 milliliter of toluene and 10 milliliters of diamylphthalate [ 1241. 

The film was produced in the following manner. A drop of the solution was 
deposited on the surface of distilled water, the solvent was evaporated, and this 
produced a thin film of nitrocellulose on the water's surface. The film after 
drying was removed by raising a metal ring, previously immersed into the water. 
Before the experiment the film was moved onto a metal frame on which BF glue 
was smeared, a second frame was put on top and then these frames were placed 
in slots of the viewing section. Slits were cut in the optical glasses and the 
lateral sides of the frame were placed in them. In order that the gases on both 
sides of the films would not intermix, the slots in the glasses and in the viewing 
section were sealed by a vacuum cement. On interaction of the wave with the 
film the incident wave should be distorted due to the fact that the film has a 
finite mass. 

Meyer [2391 has performed experimental and theoretical studies of the inter- 
action of the wave with a 0.0425 mm thick cellulose acetate film. 
wave in the shock tube was incident on the film and the latter was carried away 
by the flow. Due to the film's inertia, the wave incident upon it was reflected, 
and the refracted wave was at first slowed down. After some time the refracted 
wave picked up speed and the reflected wave degenerated into an acoustic signal. 
In the presence of a film the wave passes, during a given time period, a smaller 
distance in the tube than in the absence of a film. 

The shock 

The effect of the mass of the film on the refraction process can be estimated 
by means of parameter 8 which is difference between the distance which would 
be passed, from a given initial point, by a wave in the absence of the film and 
that passed by the wave when a film is placed in its path. 

This distance 8 for t -. w is estimated as follows 

H e r e  p,, and p1 are the film and gas densities, respectively, and r is the film 
thickness. 

In our case the film thickness did not exceed 800 A. This thickness was 
estimated on the basis of the mass of a drop of the solution and the area it oc- 
cupied on the water surface. The value of 800 13. is the greatest obtained. 
Then in our case 6 =-0.13 m.m, i.e. , practically, films of this thickness should 
not affect the refraction process. 
ments with the tube filled from both ends with the same mixture. 

To check this, we have performed experi- 
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When using a film three-fo'ld thicker than that usually utilized, a weak com- 
pression signal, propagating with the speed of sound upstream w a s  reflected 
from the film. No other changes occured in the flow and in the detonation-wave 
velocity. 

The films were sufficiently thin in order  that the finite mass  of the film 
would not affect the refraction. At the same time they were sufficiently flexible 
in order not to burst  from a moderate distortion. In order to place the frames 
the tube was evacuated to 0.1 mm of Hg and filled with the mixture, which would 
ultimately occupy the major part of the tube. Then the frame and the glasses 
were  placed. The tube was  equipped with four needle valves, two of which com- 
municated with the atmosphere, while the other two were connected to gas tanks 
containing the explosive mixtures. The atmospheric valves were opened and 
then the gas tank valves were gradually and simultaneously opened up. The 
appropriate mixture was blown through i t s  corresponding part of the tube. 
film served as a sensitive pressure gage. It bent in one o r  another direction as 
soon as pressures to both sides became different. 
were blown through the larger part of the tube, which was already almost com- 
pletely filled with this mixture, while 2 liters of mixture ll were blown through 
the smaller part of the tube, after which only gas I remained in the larger  part 
of the tube and only gas II in the smaller. Then the valves were  carefully closed 
and the mixture was ignited not more than a minute afterwards. It was established 
by visual inspection using the Tupler [schlieren] method that the gases to both- 
sides of the film do not intermix, in any case for 5 minutes. Experiments with 
diffraction of detonation waves were performed for angles of incidence of 0, 30 
and 58O with the waves passing from CH4 -I- 202 and CH -t 402 into a i r ,  oxygen 

and methane-oxygen mixtures of different composition. The wave systems 
arising on refraction into inert and combustible mixtures are shown in Fig. 65. 
The angle of incidence was 0.1 = 58O. In Fig. 65,b the mixture passed from a 
CH4 -I- 202 mixture into a CH4 -t. 40 mixture. The inclined line which passes 
through the frame is the trace of frames between which the film was clamped, 
1, 2, 3, 4 are,  respectively, the incident wave, forward front of reflected rare-  
faction wave, rear front of reflected rarefration wave, the refracted wave; 5 is the 
wave system obtained a s  a result of the combined effect of "angular signals" and 
the development of chemical reaction behind the refracted wave. The angular 
signals are a result of limiting of the refraction pattern by the side walls. The 
angular signal may be a compression as well as a rarefaction wave. This de- 
pends on the strength of the reflected wave and on the angle a t  which refraction 
starts. By varying this angle it is possible vary the angular signal and then to 
isolate outlines characteristic of the refraction process proper. Fo r  each pair 
of test gases experiments were performed with different angular signals. Figure 
65,a shows the passing of a detonation wave into air. In this case the deflected 
interface, i.e. , the contact surface, is well seen. In this case the angular 
signal can be regarded as the reflection of the refracted wave from the lower 
wall. This reflection is irregular,  since the angle of incidence is close to 
glancing incidence angle. The region characteristic of the wave-refraction 
proper is that between the point of intersection of the incident and refracted wave 
and the triple point of the refracted wave. In this region the wave pattern is 
stationary in the coordinate system moving together with the point of intersection 
of all the waves. 

The 

Four l i ters  of mixture I 

4 

2 
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a b c 

Figure 65. Refraction of a Detonation Wave on Passing From 

a-Air; b-CH4 + 4 0  Mixture; c-CH4 + 302  Mixture. Angle 
a CH4 + 202 Mixture Into: 

of Incidence 58'. 
2 

Figure 65,c shows the reflection of a wave into a CH4+ 302 mixture, when 

In this case there is no Mach 
the upper plane is deflected through an angle such that the refracted wave moves 
normal to it. The angle of incidence is w = 58O. 
reflection. ' The disturbances discernible on the photograph characterize the 
process of transition to detonation in the refracting medium. 

It was found that the waves refracted upon passing of a detonation wave in a 
reacting medium were shock waves. Passing was studied into mixtures with 
higher as well as lower detonation rates. The detonation rates of the mixtures 



used were" 

If the refraction of the detc'nation wavewould have immediately sent into the 
second medium a Chapman-Jouguet wave, then i ts  inclination could be easily 
found from the law of sines. 
sumed to be a s  follows (for an angle of incidence of 58O) 

T'he refraction angles w 4  (Fig. 66) should be as- 

Mixture . . . . .  .CH.r i -30% CtIitOA 
0 . . . . . . . . .  47'12' 61'03' 

Had the refracted wave been overcompressed, angles w would have been even 
larger. In all erperiments the refraction angles were smaller. Calculations 
presented below on the assumption that a shock wave propagates in the second 
medium without chemical reactions agree with experimental results. Transition 
to detonation behind the refracted wave takes place by nucleate ignition with 
formation of a series of shock waves, which a r e  quite noticeable in Fig. 65, c. 
This figure also shows the development of detonation and the changes produced 
by this in the inclination of the refracted wave. The velocity of the refracted 
wave in the second medium approaches the steady-state detonation rate. The 
ignition delay can be determined from similar frame sequences by measuring 
the greatest distance between the shock wave and the contact surface before the 
reaction starts. 

4 

We now determine the ignition delay in a CH * 30  mixture (Figs. 65,c and 4 2 
66). 
hind the shock wave v1 = D - ul, i. e. , that velocity with which the gas particles 
embraced by the shock wave move. 

Here u4 = 34O30'; we determine the corresponding velocity of the gas be- 

The greatest distance between the refracted wave and the contact surface at 
which the gas does not as yet igmite is 2.7 +- 0.2 mm. 
will be r = 10.8 psecs. 
26.68 atm, and the temperature was TI = 1176OK. 

The time of transition of steady-state detonation fates  in the second medium 
depends on the strength of the refracted wave, consequently, on the angle of inci- 
dence of the detonation wave and on the difference in steady-state detonation rates 

Then the ignition delay 
The pressure behind the shock wave then was p1 = 

*These rates  were calcula,ted by the present authors and also obtained 
from [2381. 
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Figure 66. Schematic of the Position 
of Waves for Refraction of a Detona- 
tion Wave at .the Interface of Two 

Media. 
SA is the Incident Wave; AM is the Re- 

f racted Wave. 

of both mixtures. When the angle of inclination is reduced, the strength of 
the passing wave increases and the transit time is correspondingly reduced. 

Figure 60 shows a scan of passing from CH4 3- 402 to CH4 -I- 202. In this 
case there is practically no transition period. Practically starting from the in- 
tertace the detonation rate in the second medium is established. The transition 
time is also reduced when the difference between the detonation rates of both 
media is minimized. On passing into a mixture which is far from detonation 
limits with a large induction time it is possible that the mixture will not ignite 
during the observation time. 
from CH4 I- 202 into a CH4 -k O2 mixture is fully analogous to that depicted in 
Fig. 65,a. The refracted wave is a shock wave, which then underwent Mach 
reflected at the lower boundary. 

The photograph of the passing of a detonation wave 

In all the cases studied the wave reflected into the consumed gas was a ra- 
refaction wave. The forward and near fronts of this wave are visible in Fig. 65 
(lines 2 and 3). The fact that it is a rarefaction wave which is refracted follows 
not only from the schlieren photograph, but also from the fact that the angle of 
the reflected wave does not change, irrespective of the medium into which the 
detonation wave is refracted. This is possible when the velocity of the reflected 
wave does not depend on that of the refracted wave. This case was obtained for 
a reflected rarefaction wave. 

Calculating Initial Refraction Variables for Detonation Waves at the Interface 
Between Two Media 

The initial refraction variables for detonation waves at  interfaces between 
two media were cdculated from the three-wave theory. A schematic of the 
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fronts attendant to refraction is given in Fig. 66.  The triple-shock configuration 
in the case at hand differs from that of shock waves (see Chapter 5 )  by the fact 
that the reflected wave is the rarefaction wave RR'. To calculate the rarefaction 
wave we wr i t e  a corollary of Riemann equations [240, 2421 

(6.4) 

Z'(T1-1) 

2 ( I  - 2.) + (TI - I) J!; ' 
-arc cos 

where 

The notation used is (see Fig. 66) :  pi - pressure in region i, Ml-Mach 
number in region 1, e i  - deviation of flow on passing through the wave into 
region i, Do - the velocity of incident detonation wave. 

The flow variables in the first  medium ahead of the detonation wave are as- 
signed subscript 0, the flow variables in the second medium are denoted by sub- 
script 4 ,  the flow variables behind the incident detonation wave carry the sub- 
script 1, those behind the refracted wave are assigned subscript 3, while those 
behind the reflected wave are denoted by subscript 2. 

For the case of normal incidence of a detonation wave onto the boundary be- 
tween two media it is most convenient to write shockpolars in the p, v plane, 
where v is the flow velocity behind the wave in the laboratory [stationary 1 co- 
ordinate system. This follows from the fact that the coupling conditions in this 
case are: equality of pressures behind the refracted and reflected waves and 
equality of velocities. In the p, v variables the shock polar for a reflected 
rarefaction wave is written in the form 

( 6 . 5 )  

It was assumed that Y in the rarefaction wave remained constant. Let u s  
The refracted wave will be defined by Hugoniot consider refraction into air. 
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curves taking into account excitation of molecular vibrations in the gas behind 
the shock waves. It is assumed that the refracted wave is a Chapman-Jouguet 
wave with variables determined on assumption of equilibrium speed of sound. 
We consider rarefaction into air for a normal angle of incidence and for an in- 
cidence angle of 580. The results of calculations are presented below 

uI 9 a- (01 = 58O u1 = 0. 0). - 68. 
D,. m/sec. ... 2392 2392 D,, m/sec ... 1588 rr,=92%v 
pr, atm ..... 29.7 29.7 palp. . . . . . . .  24.95 W*=W41' 
F&I ....... -0.541 0.541 a1-n, m/sec. . 223 ea*'---4.14' 
PJpi ....... 0.85 0.707 al-ut, m/sec. . -10 8,=25'35' 

The [corresponding] experimental values are 

For angles of incidence of w = Oo and o1 = 58O the greatest difference is 1 
found for variables in the reflected rarefaction wave. 

We now present results obtained on the assumption that the gas is in a state 
calculated on the basis of diffraction experiments (see Section 3 of the present 
chapter). The characteristics in the rarefaction-wave cone correspond [ sic] to 
y = 1.39. We  also present results of calculations obtained on the assumption that 
the experimentally determined speed of sound is in equilibrium with respect to 
vibrations 

w1=W 

D., m/sec. . . .  PO 
p,.atm . . . . .  35.6 
 PA . . . . . . .  0.52 . . . . . . . .  t540 
pJpr . . . . . . .  oJ33 
D,.m/sec . . . .  1520 
aIcv~,  m/sec. . 140 
ar-ct. m/sec. . 88 

-,=OO 

2300 
99.4 
0.52! 

01 1540 
0.81 
1540 
440 
64 

D ~ ,  d s e c  . . .  2300 
PI, atm . . . . .  35.6 
p d ~ i  . . . . . . .  0.521 

alff.m/sec . . .  1540 
pJp1 . . . . . . .  0.61 
01 . . . . . . . .  37'34' 
W,' . . . . . . .  .-11034' 
0, . . . . . . . .  35O36' 
e,. . . . . . . . .  26'36' 

u1=58* 
2300 
35.2 
0,521 

~f 1540 
0.58 
51034' 

- -15O11' 
36048' 
90012' 

Comparison of experimental with theoretical data shows satisfactory agree- 
ment between the two . Both calculations differ by the value of e. Better agree- 
ment with theory is given by the assumption that Y = 1.39 in the rarefaction-wave 
cone. In our experiments on refraction into CH4 3- O2 there wasno reaction be- 
hind the refracted wave. The refraction into this mixtures, as well a s  into 
CI14 3- 3 0 2  and into CH4 + 402, was calculated assuming that no reaction takes 
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placed behind the refracted wave. 
0 were calculated upon consideration of vibrational excitation in the CH4 and O2 

molecules. The enthalpies for methane and oxygen were taken from [ 1181. The 
calculations were made by assuming a state behind the wave with consideration 
of losses at the wdls and Y = 1.39. Below are presented theoretical and experi- 
mental data on refraction from a CH +. 202 mixture into Ch4 -t 402, CH4 -F 302 4 
and CH4 -F O2 for  an angle of incidence w1 = 58'. 

The Hugoniot curves in mixtures of CH4 and 

2 

PJPI . . . . . . .  
e,+e.=e.. . . . .  

a*' . . . . . . . .  
u, . . . . . . . .  
0&=l.'' . f . . * . 
qexp . . . . . .  
efexp . . . . . .  
qexp. . . . . .  
w'2exp* . . . . .  

The above data verify the assertion that the refracted wave is a shock wave. 

5. Regular and Irregular Reflection of Detonation Waves 

A detonation wave propagating in a narrowing-down duct is reflected in it. 
In experiments with reflection of detonation waves inserts were placed into the 
viewing section which form angles with the surface of the wall [ 571. A typical 
pattern of regular reflection of detonation waves is shown in Fig. 67. The study 
was  made in a stoichiometric mixture of CH4 and 0 

25'. The waves moved from left to right. There was  no bifurcation, a s  is also 
the case on normal reflection from the tube end. A scan of normal reflection is 
shown in Fig. 59. Transition to Mach reflection took place for the CHI 3. 202 

mixture at  atmospheric pressure for  a wedge angle of more than 35'. 
wedge angle of 35O, i. e. , for an incidence angle of 55O, a developed Mach re- 
flection is observed. The triple point moved at  an angle of 3 O  to the surface of 
the wedge. 
wedge angle of 20'. The triple point moves away from the wedge surface along 
a straight line situated an angle x = 6". The flow is self similar, i.e., the 
angles between the waves remain constant. 

The angle of incidence was  
2' 

For a 

Figure 68 shows a sequence of frames of Mach reflection from a 

Calculations of triple configurations of detonation waves were performed 
by the method of shock polars similar to the manner in which this was done in 
Chapter 5 in calculating triple Configurations of shock waves. To calculate 
Mach waves which a r e  strong, overcompressed waves, use was made of detona- 
tion polars presented in Section 2 of the present chapter. The reflected waves 
and the shock waves in the consumed gas were calculated by successive approxi- 
mations using tables of thermod!mamic variables for the combustion products of 
CH4 -t 202. 
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a b 

Figure 67. Regular Reflection 
of Detonation Waves. Mix- 
ture of CH4 + 202 at po = 760 

mm of Hg (a) and po = 200 mm 
of Hg (b). 

Calculations on the assumption that the Chapman-Jouguet state pervails be- 
hind the incident wave yields regular reflection for an angle of incidence of 55'. 
Transition to Mach reflection should have happened only at an incidence angle of 
57O. A s  a result of this contradiction with experimental results the reflection 
was [then] calculated for a state determined upon consideration of losses through 
the tube walls and on the assumption that the acoustic disturbances propagate 
near the detonation wave with the frozen speed of sound. Calculations made on 
assumption of a speed of sound near the wave in equilibrium with respect to 
molecular vibrations, yielded values of w2 4-6O on the high side. The results of 
calculations made for incidence of detonation waves onto wedges with vertex 
angles of a. = 65 and cu0 = 20° (Mach reflection) are presented below 
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65" 20" 
Po, "9fHg 760 760 
D, m/wc . . . . 2300 2300 
V ,  m/sec . . - . 1100 1100 
p1. atm . . . . . 35.6 35,6 
p d p l  . . . . . . 0.521 0.521 
0 1  . . . . . . .  25 63" 

6.5" 20 = 
f& * . . . . . 13044' 52" 
0 4 . .  . . * * 80"39' 
a, exp . . . . 25'*1" 63'ti' 
uaexp . - . . 14"*3' 52'+3O 
w4exp . . * 81"&1° 

Figure 68. Mach Reflection of Detona- 
tion Waves. Mixture of CH4 + 202, 

po = 760 mm of Hg. 

Following: are the designations 
of angles in the coordinate system 
moving with the triple point: 
are angles of incidence and reflection; 
w4 is the inclination of the Mach wave. 

The reflected wave belonged to 
the weak family. Agreement between 
theoretical and experimental data for 
the case of m0 = 20° shows that it is 
possible to use the data of the one- 
dimensional theory for calculating 
configurations with reflected shock 
waves. 

ui, w2 

It is interesting to note that angle 
w2 is positive, although the incident- 

wave velocity and the wedge angle is 
the same for which double Mach 
configurations arised on reflection 
of shock waves. This is a result of 
the fact that the velocity of the gas 
behind the detonation-wave front is 
subsonic. unlike the high suDer- 

sonic velocities of the gas behind the shock-wave fronts. It is obXousLthat in 
the case of overcompressed detonation waves the same Mach configurations 
should be produced as for shock waves. 
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/146 CHAPTER ‘I - 
IONIZATION STRUCTURE OF SHOCK WAVES IN AIR AND NITROGEN 

Ai r  at high temperatures is a complex mixture of gases in which takes place 
all kinds of reactions: dissociation, recombination, ionization and formation of 
new molecules. The kinetics of elementary processes taking place behind a 
shock wave in air was subjected to a thorough study during the last  few years, 
a s  a result of which sufficient data is available at present for solving gasdynamic 
problems about the flow of nonequilibrium dissociated air [ 15, 19, 245, 246 1. 
Calculations show that for Mo = 20 equilibrium temperature behind the shock 
wave is established at a distance of the order of 100 mean free paths in undis- 
turbed gas. When the pressure ahead of the shock wave is 1 mm of Hg and Mo = 

14.2 close-to-equilibrium temperature behind a normal shock in air is reached 
at distances of the order of 2.5 cm from the front [2451 with Mo = 12 and po = 1 

mm of Hg. Equilibrium is achieved at a distance of 10 cm from the shock when 
Mo = 10 and po = 1 mm of Hg. The size of the nonequilibrium region behina the 

shock wave is measured in tens of centimeters [ 101. However, the region with 
temperature which appreciably exceeds that at equilibrium is not larger than 10 
cm. For  lower shock-wave velocities, the size of this zone is greater,  but then 
the difference between the state across a shock front without dissociation and the 
equilibrium state decreases sharply. 
in this zone drops by only 300°K. Hence for initial pressure of the order of 
several mm of Hg the inhomogeneous region produced by dissociation process 
behind the shock wave is most pronounced for Mo = 8-12. 

Ionization process behind a shock wave also take place at a finite rate. This 
results in the formation of a profile of electron concentrations, whose shape is 
determined by the ensemble of all the physical and chemical transformations which 
take place in a shock wave in air. 

retical and experimental works [81, 245, 248-2551. 
present in these studies may distort the results appreciably. 
comings a re  poor space and time resolution of the microwave apparatus used in 
[ 253 and 2541, as well a s  they use of shock tubes with very small cross sections 
(about 1 cm) and short distances from the point where measurements were made 
to the diaphragm. The last  circumstance means that the gas region heated by the 
shock wave is very short and this results in a fictitious reduction in the time of 
reaching maximum ionization. 
oscillogram with a sharp peak and aDsence of a horizontal equilibrium segment. 
In addition, the calculations for determining the electron concentration by mea- 
suring the high-frequency conductivity were based on classical gaskinetic values 
of effective frequencies of collisions of electrons with neutral particles, which 
may produce an appreciable error .  This is due to the differences in the gas- 
kinetic and experimentally obtained efferrtive cross  sections for elastic collisions 
of electrons; moreover, due to the fact that these cross sections do not vary 
smoothly with the temperature but have their maxima and minima. In order to 

For  example, for Mo = 7.5 the temperature 

The ionization structure of shock waves has been studied in a number of theo- /147 
However, the shortcomings 

The main short- 

This is also shown by the form of absorption 

c 
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remove the dependence of results on v and increase the dimensions of the tran- 
sition regions, the ionization process in some studies [ 14, SI] were examined 
at very low initial pressures (0.02-0.2 mm of Hg) and high Mach numbers 
(14-20). 

1. Analysis of the Effect of Easily-Tonized Admixtures on 
Electron-Concentration Measurements 

When considering ionization in various gases, which also includes air, con- 
sideration must be given to the possible effect of such easily-ionized admixtures 
in the test gas as sodium, potassium, etc., which a re  present in specific con- 
centrations everywhere, i. e. , in the atmosphere and in experimental apparatus. 
This contribution is expressed in an additional quantity of electrons which a r e  
formed when the admixtures a re  heated to relatively low temperatures. In order 
to estimate the contribution of the ionization of admixtures in our setup, we have 
studied argon, which is a gas that practically does not ionize up to temperatures 
of 9000°K. The conductivity of argon heated by a shock wave to 2000-5000°K is 
attributable to ionization of admixtures. In fact, xe , the electron concentration 
in a two component gas mixture in thermodynamic equilibrium is defined as 

where Keq 

kind neutral atoms and p is the tot,al pressure. 
is the equilibrium ionization constant; x. in the concentration of ith 

1 

Figure 69. Oscillogram of the Absorption of 3-cm Radio 
Waves Behiud a Shock Wave in Argon. 
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Since the ionization potential for argon is 15.7 ev, and the potential of 
sodium, the most prevalent easily-ionized admixture, is 5.1 ev, then their 
equilibrium constants at T = 5000°K differ by more than ten orders of magnitude. 
Consequently, in the above temperature range it is possible to disregard the 
contribution of the argon proper to the electron concentration, if the admixture 
concentration is not less than a millionth of a percent. 

The experiments were performed in a shock tube. The absorption of radio 
waves was measured by a single-channel microwave line (version I) operating 
at a frequency of 10,000 Megacps !h = 3 cm). The measurements were made 
at initial pressures of the argon from 2 to 10  mm of Hg and Mach numbers of 
the incident wave from 3 to 5. The work was done with pure argon from a tank 
with an admixture of 0. Ol%.of nitroben and 0.005% of oxygen. A typical oscillo- 
gram of radiowave absorption is depicted in Fig. 69. Absorption behind the re- 
flected wave proper has corresponding to it small step cvx. The absorption 
reaches some equilibrium level, remains constant up to arrival of secondary 
waves at  a time t 
pressure. The electron concentrations were calculated from Saha's formula. 
The effective frequencies of collisions between electrons and argon atoms were 
calculated on the basis of effective cross section. The temperatures and pres- 
sures behind reflected shock waves were calculated for the velocity of the incident 
wave from ideal-gas formulas. 

which waves appreciably increase the gas temperature and sec' 

We write the Saha equation in the form 

In n: = In i\' + In p -!- In T - - cp (7.2) 
kT ' 

wherecp is the ionization potential of a substance which gives an electron con- 
centration ne for a pressure p and temperature T, and K is some constant which 
is not a function of p or  T. 

The dependence of In n$ - In p - In T on T-l which was obtained in a 
straight line. The tangent of this line yields the ration cp/k. In our experiments 
the ionization potential of the admixtures was found to be 5.1 ev (Fig. 70) ,  which 
corresponds to the ionization potentials of sodium. Experimentally determined 
values of ne and qcan be used for determining the concentration of sodium in the 
gas. For this we write the Saha equation in the form 

Analysis of data (see Fig. 70) shows that the content of sodium vapor in the 
argon in the shock tube was of the order of lO-4% [2471. 

126 



Ln n,' It is of interest to compare the electron concen- 
trations in air and argon at the same temperatures 
and pressures. For  example, at T2 = 3500% and p2 = 

2.7 atnn in argon n 
by two orders  of magnitude higher than in argon. 
This shows that i t  is possible in our experiments to 
disregard the effect of admixture ionization in air. 

lo lo ,  which in air ne =r 10l2,  e 

.is 2.5 1 5  
T-'-IO' 

Figure 70. Deter- 
mination of the Ioni- 
zation Potential of an 

2. Determining of the Time Needed for 
Reaching Equilibrium Ionization Be- 

hind Incident Shock Waves in Air  
I 

Ionization processes in air were studied behind Admixture in Experi- 
ments With Argon. incident shock waves for initial Dressures of 1-5 mm 

~ 

of Hg and for M = 8-12. The absorption of 3.4 and 
1.8 cm radiowaves was measured simultaneously. The gas behind the shock 
front passed in sequence through two probing radio beams situated at about 25 cm 
from one another. For  M = 9.5 the time resolution of the 3.4 cm channel was 
about 11 psecs, while for the 1.8 cm channel i t  was  about 6 psecs. Typical 
absorption oscillograms for these frequencies are shown in Fig. 71. The time 

several-fold greater than the resolution time of the apparatus. After maximum 
absorption level of radiowaves is reached, the experimentally determined 
electron concentrations agree within the limits of experimental e r ror ,  with those 
calculated for equilibrium conditions (Fig. 72) for pressures of 2-5 mm of Hg 
ahead of the shock front and. Mach numbers of 8.5-11. For pressures of 1 mm 
of Hg a constant absorption level is not reached for Mo less than 10 in the entire 
region of the shock-heated gas (about 15 cm for M = 9). Figure 73 depicts an 

absorption oscillogram for this regime, which is characterized by the fact that 
the absorption does not reach a constant value and drops sharply due to arrival of 

mm of Hg proceeds so rapidly that the electron concentrations succeed in reaching 
their equilibrium values (Fig. 74). The electron concentrations were calculated 
on the basis of tabulated values of K (T) for ionization of NO [21 and by resort  to 

eq 
data on equilibrium temperatures and pressure presented in the Appendix. Since 
temperature and pressure data in these sources were calculated only for pres- 
sures  of 1 and 25 mm of Hg, the required variables for intermediate initial pres- 
s u r e s  were obtained by linear interpolation. 

0 

/151 during which absorption increased to a maximum was about 60 psecs ,  which is - 

1 0 

/152 cold gas into the test region. However, for Mo > 10, ionization even at p 0 = 1 
7 

The experimental studies of ionization of air behind an incident shock wave 
enabled us to determine the time for reaching equilibrium ionization for Mo =8-12. 
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Figure 71. Oscillogram of the Absorption of 3.4-cm 
Radiowaves Behind a Shock Wave in Air;  po = 3 mm of Hg, 
Mo= 9 . 6  

HI? 

Figure 72. Electron 
Concentration in Air 

The basic types of ionization reactions are  
enumerated in [2481 

N + 0 + 2,5 e v z N O +  + e  

N + N +5 .8ev=N:  + e  
N + 0, + 6.5 e v s  NO: + e  
0 + 0 + 6 . 9 ~ 2  0: + e 

0 3. NO + 7.9 e v z  NO,+ + e 
N + N 0 + 7 . 9 e v ~ N ~ O + + e  
M + NO + 9 . 3 e v z M  + N O +  + e  
O + N , + 1 1 . 2 e v ~ N p O ' + e  
N,+ O2 + 1 1 . 2 e v S  NO 3- NO+ + e  

0 + 0% + 11.7 ev 2 0: + e 

M + O p  + 1 2 . I e v i 2 h l +  0: + e  

hi + 0 + 13.6 e v z  M + 0' + e 
M + N -t 14.6 e v 2 M  + " + e  

+ N, + 45,fiev t M +- N: + e  

Behind a Shock Wave 
as a Function of Mo for 

po = 2 mm of Hg. 

It is also shown in the 
above reference that all 
these reactions make im- 
portant contributions only at high temperatures (approximately 20,000°K). As 
the temperature is lowered predominance is acquired by collisions between 
atomic components of the mixtures and at the lowest temperatures considered 
(about 8000OK) the first of the above reactions takes place most rapidly. This 
makes it possible to avoid complex machine [computer] calculations in deter- 
?lining the ionization rate of air  for comparatively low Mo [249-2521. 
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Figure 73. Oscillogram of the Absorption of 3.4-cm Radia- 
Waves in A i r  Behind a Shock Wave for Mo = 10, po = l mm 

of Hg; the Time Marks are each 10psecs. 

Comparison of the time for reaching equilibrium 
concentrations obtained in our experiments with an 
approximation calculation for  the reaction N 3. 
0 2 NO+ + e ,  is shown is Fig. 75. 
noted that the data obtained by the present authors 
a r e  in that range of shock-wave velocities and 
pressures for  which the method suggested by Lin 
,811 does not apply, since in the radio-wave 
measurements it is necessary to take account not 
only the electron concentrations, but also the ef- 
fective frequencies of collision between electrons 

It should be 

3 w I1 I2 and gas particles. 
% 

It is also interesting to note that the heated- 
gas regions in the Mancheimer and Low [ 253 1 as 
well as in the Dvir and Low [ 254 J experiments 
were also short, due to the very short shock tubes 
used by them. This was responsible for the fact 
that ionization equilibrium was not reached over 
the entire volume of the heated gas up to the 
boundary with the cold driver gas. Absorption 
oscillograms presented in studies have, without 

exception, a sharp peak and do not have a section with constant absorption. It 
is therefore quite c lear  that the times for  reaching equilibrium ionization cb- 
tained by us  for  air is 5-10 fold greater than by the above authors. 

Figure 74. Electron Con- 
centration in Ai r  Behind 
a Shock-Wave Front as a 
Function of hIo for an 
Initial Pressure of 1 mm 

of Hg. 

I 

3.  The Ionization Structure of Shock Waves in Nitrogen 

The time for establishing equilibrium degree of ionization in nitrogen a t  
3000-5000°K was determined by absorption of centimeter radiowaves in nitrogen 
behind an incident and reflected shock waves in a shock tube. The experiments 
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%p0, p sec - c m  of H g  

Figure 75. Time for 
Reaching Equilibrium 
Ionization of A i r  Behind 
a Shock Wave, Referred 
to an Initial Pressure of 
1 mm of Hg, as a Func- 

tion of Mo: 
1-Calculations for the 
Reaction N + 0 = NO; 
2-Calculations of [ 248 1 ; 
Experimental Data: 
x-[811; 0-Present 

Authors: L% [ 2531 . 

involved simultaneous absorption of 1.6 and 0.8 
cm radiowaves directed through the viewing 
section in two mutually perpendicular directions. 
The width of the radiowave beams did not exceed 
20 mm 12561. 

The time for reaching the equilibrium degree 
of ionization in nitrogen was measured at initial 
pressures of 2 and 5 mm of Hg in the low pressure 
chamber, with Mo, the Mach numbers of the in- 
cident wave, of 5.5-11.0. The temperature and 
pressure behind the reflected shock wave, 
calculated on the basis of conservation laws for an 
equilibrium composition, are  3000-5000°K and 
1-2 atm [2571. A specimen of a radiowave 
absorption oscillogram is shown in Fig. 76. After 
the reflected. shock wave arrives at the radiowave 
beam, whose center is situated at 20 mm from the 
tube's end, gradual absorption of radiowaves is 
observed for 100 psecs, and this is followed by a 
constant level. Further increases in absorption 
are attributable to the arrival of the secondary 
wave, produced by interaction between the re- 
flec ted wave and the contact surface [ 256 1 . The 
reflected wave propagates relative to the shock- 
tube walls at a speed of 0.5 mm/psec, for which 
reason the gas behind this wave covers over 
[passes through] the radiowaves beam during 
40 psecs. This is the resolution time behind a 
reflected shock wave. It was shown by control 
experiments in air that bifurcation attendant to 
shock-wave reflection does not appreciably af- 

fect the radiowave absorption. This is apparently attributable to the fact that the 
shape of the reflected-wave front is distorted only in a narrow region near the 
.front [ 1301. The observed time interval of increases in radiowave absorption, 
with correction for the time of resolution, should apparently be ascribed to the 
time for establishing equilibrium ionization in the nitrogen. 

The free electron concentration, measured after reaching the first maximum 
on the absorption curve is from 10l1 to 10l2 C M - ~  for Mo = 5.5-6.8 and p = 2 
mm of Hg. These values of ne are in satisfactory agreement with theoretically 
calculated equilibrium values (Fig. 77) [2571. 

0 

The times for reaching equilibrium thermal ionization in nitrogen, reduced 
to atmospheric pressure, were 40-800 psecs (Fig. 78). The experimental 
values obtained by us behind the reflected wave are depicted here by black dots, 
while those obtained behind the incident wave are denoted by triangles. For 
comparison we present the values of ionization time for air, which were found 
to be shorter than for nitrogen (open circles). 
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Figure 76. Oscillogram of Absorption of 8-mm Radio- 
Waves in Nitrogen Behind a Reflected Shock Wave for Mo= 

6.0 and p = 2 mm of Hg. 0 

/On 

10" 

56 60 & Y  68 22 
4 

Figure 77. Electron Con- 
centration in Nitrogen Be- 
hind the Front of a Re- 
flected Shock Wave as a 
Function of Mo for an 
Initial Pressure of 2 mm 

of Hg. 

TeZ, p sec-atm 

Figure 78. Time for Reaching 
Equilibrium Ionization of Nitrogen 
Behind a Shock Wave Front: 
The Curve was Obtained Theo- 
retically for Air; 1-Calculations 
on Assuming Reaction (7.5); 
2-Calculations on Assuming 

Reaction (7.7 12811) [ s ic?] .  

A s  was shown in [2581, the ionization of 
nitrogen is describable by two reactions 

K, + hZ -+ 9.bev 2 N $: N + AI,  

N + N + 5.8ev 2 N,f +e .  

(7.4) 

(7.5) 

A s  is known, reaction (7.4) also occurs during ionization of air, hence the 
difference in the times for reaching equilibrium ionization in nitrogen and air 
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is attributable to differences in the rates of reactions (7.5) and 

N t O 4 - 2 . 8  nr=NO++e. (7.6) 

Reaction (7.6) has a rate constant of 3-  T-3/2, while the rate constant 
, i. e., reaction (7.5) should proceed even -2 T-3/2 for  reaction (7 .5)  is 1 .6 -  10 

faster than reaction (7.6). However, it is shown experimentally that the case 
is just the opposite. 

Let us compare the time tm == 90 psecs for the above case with the time 
for reaching equilibrium ionization in air  a t  the same temperature of T =  3800°K 
and pressure p = 0.8 atm as in nitrogen. For air this time is T = 20 psecs. 
Thus, the time for reaching maximum ionization in nitrogen exceeds 4.5-fold the 
time in air. 

Reference r2581 points out still another ionization reaction for nitrogen, 
attributable to ionization of atoms in the excited metastable state 

No + N ~t N t  -t e. (7.7) 

Calculation of the ionization profile in nitrogen behind a shock wave performed 
in [2581 shows that an appreciable ionization delay occurs in the case of reaction 
(7.7).  This delay is ascribable to the time needed for exciting the nitrogen atoms. 
It is possible that the long time needed for reaching maximum ionization can be 
attributed to reaction (7.7).  

4. Measuring the Electron Temperature on the Basis of Self 
Radio-Frequency Radiation of a Gas Behind a Shock Wave 

Thermal ionization of a gas is a complex process. It is related to a number 
of chemical and physical transformations, which serve as the source of free 
electrons. Due to the absence of electric and magnetic fields, the Maxwellian 
velocity distribution in an electron gas is established quite rapidly. Nevertheless 
it is not obvious that the Aectron temperature during ionization or  toward its 
completion is equal to the temperature of the gas [149, 2731. Thus, a source 
of fast electrons exists when, while ionizing nitrogen in a gas discharge tube, 
the discharge is stopped for several hundreds of microseconds (for a pressure 
of several mm of Hg) [2731. When argon is ionized behind the front of strong 
shock waves, the electron gas is highly %ooledfl since the energy losses for 
ionization are replenished very slowly due to the great difference in the masses 
of the electron and argon atoms 149 1 . 

The behavior of the electron temperature in some gases was checked experi- 
mentally by measuring the coefficients of absorption, reflection and radiation in the 
8 mm range of radio frequencies. 
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The intensity of self radiation of ionized gas is 

i - R  I = ,‘o (1 - e -6L) ,  
i - R e d =  

where I is the radiation intensib. of a black body. 0 
The radiation temperature Trad is related to the electron temperature Te 

by the expression 

where K = 1 - e-6: is the absorptivity of the gas. 

On the other hand, the intensity of the radiation received by a receiver is 
related to the radiation temperature and the passband of the receiver in the fol- 
lowing manner 

where I is in watts, k is the Boltzmann constant and Af is the passband of the 
receiver, cps. 

Thus, if K = 1 and R = 0 the gas radiates as 8 black body and the radiation 
and electron temperatures are equal. 

The radio-frequency wave measurements were made in a i r ,  nitrogen and 
argon. The measurements in air and nitrogen were made behind reflected shock 
wave, while in argon these were performed behind reflected as well as incident 
waves. The studies in air were carried out for initial pressures from 3 to 0.5 
mm of Hg. The receiving antenna was located laterally to the tube end. 

These experiments showed that the intensity of the 8-mm self-radiation of 
air heated by a reflected shock wave reaches some constant level (Fig. 79) during 
a time needed for covering over the aperture of the [antennal horn by the wave- 
front. For example, for p = 1 mm of Hg and Mo = 10.2 this time is about 
30 psecs. The time for achieving equilibrium ionization is about 0.2 psecs  
r2511, It is possible that the true time for reaching the radiation maximum is 
smaller than that obtained by us  since the resolution of the apparatus in the given 
case was quite low (about 25 mm). Using the GSh-7 standard noise source with 
a noise temperature of 16,600°K w e  were able to compare the radiation intensity 
with the radiation temperature. 

0 
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Figure 79. Oscillogram of Self Radiation in the 8-mm 
Range for A i r  Heated by a Reflected Shock Wave, for an 
Initial Pressure of 1 mm of Hg and for Mo = 10.3. The 

Lower Curve is the Oscillogram of the Calibration Signal. 

Since the measured absorption coefficients show that the radio-frequency 
waves are completely absorbed already for M = 8.3, while the coefficient of 
reflection is low, it is obvious that the radiation and electron temperatures are 
equal. The gas radiates as  a black body (Fig. 80). Figure 80 presents for 
comparison curves of theoretical equilibrium temperatures of air  for three 
initial pressures (see the Appendix). 

It is obvious that in the equilibrium zone behind the front of a reflected 
wave the electron temperature is the same as  the temperature of the gas. 

Measurements in nitrogen yield similar results. The only difference here 
was a somewhat higher reflection coefficient. The equilibrium theoretical 
values of temperature were taken from [ 25'71. 

Of the greatest interest, in our opiniun, are  measurements in argon. 
Measurements behind incident shock waves were performed in pure argon (with 
an oxygen content of 0.005%) at initial pressures of 2 and 3 mm of Hg. 

Figure 81 shows values of radiation temperatures calculated on the basis of 
radiation intensities. For M > 9.7, i. e. , under conditions when the absorption 
coefficient is zero, conversion of the radiation to the electron temperature 
using the expression Trad = Te (1 - R) shows that Te is in good agreement with 
the theoretical equilibrium temperature of the gas. 

In experimental measurements of the electron temperature behind incident 
shock waves a region was discovered in which the self radio-frequency radiation 
increases gradually. The time of increase for M = 9-11 and po = 1 mm of Hg is 
about 60 psecs, i.e., by an order of magnitude less than the time for reaching 
the equilibrium degree of ionization [ 1491. 
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Figure 80. Electron Tem- 
tmrature, Absorptivity and the 
Coefficient of Reflection of 
8-mm 'Radio-Frequency Waves 
in A i r  Behind a Reflected 
Shock Wave as a Function of M,,. 

Figure 81. Radiation 
Temperature, Absorptivity 
and Coefficient of Reflection 
of 8-mm Radio-Frequency 
Waves in Argon Behind an 
Incident Shock Wave as a 

Function of Mo. 

Measurements in argon behind reflected shock 
waves were made at pressures of 5, 10 and 15 mm 
of Hg. Figure 82 shows the experiments results. 
The radiation temperature is very close to the 

the shock-wave strength increases, the self 
radiation of the hot gas s tar ts  to drop and approaches 
the level noise of the apparatus, i. e., 1500-2000%. 
The radiation is as if locked in inside some gaseous 

the gas is heated to very high temperatures. 
is apparently attributable to the very small c ross  
section for electron-atom collisions in argon. 

rrad.'K 

. ""I( 
h . d  electron temperature only for hI 5. Then, as =pi-.",& _i Is,I j-  

c.- - at 

Figure 82. Radiation 
Temperature, Ab- 
sorptivity and Coef- 
ficient to Reflection 
of 8-mm Radio-Fre- 
quency Waves in 
Argon Behind a Re- 
flected Shock Wave [ a s  
a Function of Mo 1. 

electromagnetic field in a gas loses energy due 
to collisions with the gas particles. The effective frequency of collisions 
between the electron a d  the gas particles depends on the force field of these 
particles, which scatters the electron. To concretely describe these fields of 
€he particles we introduce the quantity Q,  which is called the effective cross  
section o r  diameter of collision between electrons and gas particles and is 
related to Y as follows 

u 5 b- "mirror box" and does not go outside, although 
This 

5. Cross Section of Elastic Collisions Be- 
tween Electrons and Neutral Particles 

In a Gas Ionized by a Shock Wave 

An electron moving under the action of an 

Y =: ii x n j Q j ,  
f 
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where t = /% is the mean thermal electron velocity, n. and Q. are the 
J J 

particle concentrations (per unit volume) and collision cross section for the jth 
component of the gas (per unit area), respectively. 

It was assumed up to the twenties, that this cross section is constant, i.e., 
its size does not depend on the electron velocity and the kind of gas and it was 

2 taken as equal to rag, where a is the radius of the particle which was regarded 
as a solid sphere. This classical cross section was assumed to be 4.4- 

cm . However, it was discovered even in the early studies of Ramsauer and 
Collas which were concerned with measuring the scattering of multi-energy 
electrons and in those of Townsend and Bailey, pertaining to measurements of 
the drift of the electron cloud, that this cross section depends on the electron 
velocity and on the kind of gas particles in which they move (see [2591). 

0 

2 

The dependence of the cross section of elastic collisions, during which there 
is no electron-impact excitation or  ionization of the atom or  molecule, on the 
electron velocity was most pronounced for certain substances (argon, for example) 
with relatively low electron energies (less than one ev) in the form of a sharp 
minimum. This phenomenon has been called the Ramsauer effect. 

Up to the most recent time a large number of studies [260-2801 is being de- 
voted to experimental study of the temperature dependence of the collision cross 
section for different substances. 

In examining published experimental data on collision cross sections obtained 
by different investigators for the same substances one encounters a great amount 
of disagreement up to an order of magnitude) and different temperature depen- 
dences [267, 276 \ . Analysis of experimental conditions (as a rule, the mea- 
surements were performed in discharge tubes and chambers), performed in 
[273 1 shows that the electrons born during the discharge a re  very "hot", i. e. , 
have temperatures of about hundreds of thousands of degrees. 
for %oolingff them to the temperature of the gas is 100-200 

surements made during the time when equilibrium is being established will yield 
a large scatter. 

In addition, measurements using the electron cloud drift method have the 
shortcoming that the velocity distribution of the electrons in the presence of a 
constant field will not be Maxwellian, with the result that the cross sections 
measured will be only local in character. For this reason the present author in 
[2561 has measured the effective cross sections in the temperature range of 
2500-5000°K, which is of practical importance. The ionized gas was obtained 
in a shock tube by instantaneous compression behind a shock front. Measure- 
ments in a gas heated by a shock wave have a number of advantages over mea- 
surements under other conditions, the former being as follows. 

two regions, the first  of which is the region of nonequilibrium variables, in 

The time needed 
sew at pressures 

of several mm of Hg, and not 50 psecs, as was assumed in f 2721. The mea- 

1. The thermally ionized gas behind a shock wave front can be divided into 
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which the electron concentration increases from zero to its maximum (equilibrium) 
value, while the second has a uniform distribution of electron concentrations, of 
temperatures and pressures (if the shock wave propagates through this region at 
a constant velocity). 

2. The time needed by the gas for reaching ionization equilibrium is known. 

3. The temperature and pressure in the equilibrium zone can be calculated 
for different M of incident waves in different gases with a high accuracy. 0 

4. The electrons behind the shock front acquire a Maxwellian velocity dist- 
ribution very rapidly (during several psecs ,  see [2741) (for this to happen they 
need only one electron-electron collision), since there a re  no strong external 
fields and the temperature and pressure are high (T = 2000-5000°K, p = 0.01- 
10 atm). 

5 .  The cold transition zone (boundary layer) in the direction of propagation 
of the probing radio-frequency beams at such high pressures behind shock waves 
is  quite small (about 1 mm in nitrogen for po = 10 mm of Hg and Mo = 5 [ 1381 ). It 
is of substance that the temperature and pressure of the gas in the shock tube can 
be measured from the easily determinable shock-wave velocity. 

Reference [ 275 I describes spectroscopic studies of temperature along a gas 
column behind an incident shock-wave front. A s  a result satisfactory agreement 
was discovered between experimental data in air, nitrogen and argon with theo- 
retical results in a wide range of shock-wave velocities. A similar conclusion 
on the temperature of gas behind reflected shock waves in air, oxygen and 
zrgon was made in [I361 (within the C 200 accuracy of velocity measurements and 
rt 300. accuracy of temperature measurements. Theoretical and experimental 
resulLs are in agreement). 

Thus, accurate information concerning the thermodynamic state of the test 
gas enabled us  with a known confidence (about 30%) to obtain values of effective 
cross  sections on the basis of experimentally measured collision frequencies. 

The following values of cross  sections were obtained 

2 Q, c m  
A i r  - . . . . . . . (0.8-i).i0-1s 
Nitrogen . . . ,, . . (0.3-3)-10-15 

Molecular oxygen (4-0,8).10-*6 
Carbon monoxide . (0.7---I,O).10-” 

Argon . .  . . . . . . 

Atomic oxygen (1.2-0,8) * lo-’’ 

Carbon dioxide ‘0,45-0,3) 10-l‘ 
5-20-17 
3*10-“‘ I 

T ,  ’K 
3100-3600 
2800-5000 
3200-3600 
2600-3600 
2200--4600 
2600-3600 
4400 
5900 



APPENDIX 1 

PHYSICAL VARIABLES IN AIR BEHIND A NORMAL SHOCK AND 
BEHIND A REFLECTED SHOCK WAVE FOR EQUILIBRIUM 

AND FROZEN DISSOCIATION 1091 

The state behind an incident shock wave was determined by resorting to 
conservation laws, written in the coordinate system moving with the shock 

This system of equations was transformed to the form 

TABLE 1. 1‘EMPERATURE O F  THE GAS BEHINU IN- 
CIDENT (T1, OK) AND REFLECTED (T2, OK) WAVES 

AS A FUNCTION OF Uo FOR DIFFERENT 

INITIAL PRESSURES po 
- 

uo. 
m/se, - 
1 400 
1503 
1600 
2000 
2250 
2500 
2750 
3000 
3500 
4000 
4 m  
5Ooo 
6000 

1O-S atm 

Ti @)I Ta ( I  

115C - 
1280 - 
1410 - 
1950 3 m  
2300 3300 
2559 3540 
2780 4110 
2980 4830 
3350 5870 
3930 6460 
4S10 69S0 
5410 7450 
- -  

- 
Ta (11 

2040 
2260 
24’4 
3000 

3950 
4000 
4650 
5640 
6260 
67 60 
7250 
8330 

- 

- 

202 1 
2210 
2353 
2770 

- -  
- -  
- -  
- -  
- - -  

2$30 3330 - 
2610 3860 3690 
2750 4580 4/U30 
3080 5350 5170 
3790 5840 5660 
4540 6260 6040 
4950 6680 6580 

7400 - -  

10-3 atm 

- 
- 
- 
- 
- 
- 
- 

4150 
4770 
5120 
54m 
5720 
6570 

Anv 

1150 - 
1280 - 
1410 2600 
1980 3300 

2840 5569 
3350 - 
3sw 782.) 
5100 10249 
6160 12823 
7990 15590 
96iO 1SIW 
3223 - 

- -  

Notes. A-there is no dissociation behind the incident wave; 
B-equilibrium dissociation behind the incident wave; I-equi- 
librium dissociation behind the incident and reflected waves; 
II-there is no dissociation behind the incident wave while 
equilibrium dissociation exists behind the reflected wave; 
In-there is no dissociation behind the incident and reflected 
waves. 
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The state of the gas behind the reflected wave and the velocity of the reflected 
wave were determined from conservation laws. written in a coordinate system 
moving with the reflected wave 

and reduce to the form 

J 

TABLE 2. PRESSURE BEHIND AN INCIDENT WAVE 
p1 (atm) AS A FUNCTION OF uo FOR 

VARIOUS [NITIAL PRESSURES po 

10-3 atm 

B I A  

4 0 - a  atm 

B 
- -- 

A 

I ,9540-3 
2 ,25 .103  
2 ,EO. 10" 
4 ,OS. 10-3 
- 

6,40. lo-' 
7,77.10-2 
9,20.10-3 
1,25. lo-= 

2 ,IO. 10-2 
2.60- lo-' 

1,63-10-' 

4,17 

isociation; S-eqi 

1 0 - 5  a t m  

A 

6,40 * 
7,77 - lo-' 
9,20 - lo-' 
1,25.10--3 

2 , i o .  10-3 
1,65, 

2,60- 10-3 
4.17. .I 0-3 

issoci- 

Commas represent decimal points. 
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The calculations were made on the following assumptions: 

1. The air behind the incident and reflected wave attains equilibrium disso- 
ciation. The values of H2 and p2 were taken from tables of thermodynamic func- 
tions [ l ,  21 ; 

2. Internal degrees of freedom are  excited behind the incident wave, but 
no dissociation takes place. Equilibrium dissociation takes place. Equilibrium 
dissociation is attained behind the reflected wave. Tables of [ l ,  2 ,  118, 1851 
were used. 

3. Internal degrees of freedom behind the incident and reflected waves are 
excited, but dissociation does not take place. 

TABLE 3. DENSITY PI [SIC I (grams/cm3) BEHTND AN 
I NCIDENT WAVE AS A FUNCTION OF uo FOR AN 

INITTAL PRESSURE po 

I 10- atm I 10-4 atm I io-5 atm 

5,92.1o-s - 
6,16*10’ - 
6,38-10’ - 
7 , 1 4 4 0 4  - 

- - 
7,84 .IO-’ 9,12 - 10-7 
8,26*10-S 11,30-107 
8,64- 10’ 13,10 - lo-’ 
8,94*10-“ 13,30.10-7 
9 I 16 * 10’ ,13,70 - 
9.40 IO-’ 15 ,oO. IO-’ 
9,96-1Od - 

8,m. 10-6 10,20 - 10-7 

Notes. A-dissociation frozen; b-equilibrium dissoci- 
ation. 
Commas represent decimal points. 

Calculations were made for the following conditions 

U O  = 1400 - 6000 m/sec, p” = 10-3, 10-4, 
U J  = 1403- 3000 m / E c ,  po = 0.033 atm 
2’0 = 293 OR, Ho = 2.904. io9 ergdgram. 

atm 

The results of calculations are presented in Tables 1 through 7, the compu- 
tational accuracy was 1-2%. 
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WAVE RELATIVE TO THE WALL AS A FUNCTION 
OF uo FOR AN TNTTIAL PRESSURE p, 

1400 - 
1500. - 
-1600 - 
2OOo 464 
2259 466 
2500 479 
2150 513 

-- 
111 I 

449 - 
453 - 
460 - 
464- 

476 448 
499 486 

- -  

- 

- -  - 3 o O o  
- - - 3 3 5 0 0  - - 486 4000 
--56844500 
- - - 5 5 o o o  
- - 6 6 O b U O O  

- 
I 

367 
620 
637 
657 
683 

- 

- 

- 

-- " I  I 

546 543 
596 574 
612 585 
632 so0 
656 627 
730 - 

- 
i1 - 

520 
553 
565 
573 
596 
660 

- 

INITLAL PRESSURF: po of 0.033 a h .  
VERSION I 

2.f-tW 2 , 4 . W  I 
2860' 25m 
0,36 0,32 

28,72 28,89 
364 356 
0.28 0.24 
2.3 ' 2,O 
u),O 16,1 
0,14 0,13 
26.4 27.2 
4420 4030 
0.73 0,62 
S 9  528 

6 

Note: C o m m a s  r e p r e s e n t  decimal  

2.2.105 2.0.101 I 
2280 1970 
0,26 0,22 
!8,9 28.96 

345 330 
0,25 0,24 
1,7 2,4 

12,s 10.1 
.0,12 0 , l O  
37,9 28,4 
3670 3300 
0,53 0,44 
513 499 

points. 

1680 
0,19 
8.97 
314 

0523 
1.1. 
7,g 
0,09 

2923 
0.36 
487 

- 
518 496 
536 514 
538 516 
543 521 
570 534 

- 5 0 0  
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APPENDIX 2 

PHYSICAL VARIABLES OF CARBON DIOXIDE AND NITROGEN 
BEHIND SHOCK WAVES FOR DIFFERENT DEGmES 

OF PHYSICAL A'ND CHEMICAL 
TRANSFORMATIONS 

Calculations for carbon dioxide were performed on the following assumptions: 
all kinds of [molecular] vibrations behind the wave have reached their equilibrium 
state and dissociation took place (version I); all kinds of [molecular] vibrations 
behind the wave have reached their equilibrium state, but dissociation is not 
taken into account (version II): there was no dissociation in the gas behind the 
wave and asymmetric valent vibrations were not excited (version a'). 

Calculations for nitrogen were made under version TT, since the degree of 
molecular dissociation of nitrogen for the given shock-wave velocities was low, 

The enthalpies and molecular weights for version 1 in C02 were calculated 
on the basis of data of Appendix 3. The enthalpies for version II were taken 
from tables of 1118 1, and those from version IF were taken from [ 107 1. 

The calculations were made primarily for a state of the gas ahead of the 
shock with po = 1.68. 
3000 m/sec. The results of these calculations (Tables 8-12) correspond to initial 
states of a gas with that temperature and pressure which are obtained by passing 
through a gas at an initial temperature of 293'K of shock waves moving at speeds 
ofuO=l.O,  1.3, 1.6, 1.9, 2.2, 2.5and2.8km/sec. 

atm and To = 293'K for wave velocities from 1000 to 

The tables present the ratios of pressure pl, temperature TI and density 
p1 behind the wave to the initial pressure po, temperature To and density po as 
a function of the wave velocity u 
given for version I, while only the initial temperature To is given for version 11 
and II', since in this case the initial temperature of the gas behind the wave is 
a function of temperature only and the ratios presented in the table depend only 
on the velocity and the initial temperature. The computational accuracy was 1 4 %  

The initial pressure and temperature are  0' 
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TABLE 8. CARBON DIOXIDE. VERSION I 

TABLE 9. CARBONDIOXIDE. VERSTON ]II 

S I  293" R 293" K 

1;2 
1 ,3 
i ,4 

2.1' 7.0 10,35 
2,2 7,5 10,6 
2.3 8.05 10,81 
2,4 8,65 lf,O 
2,5 9,25 11.26 
2,6 9.85 11,33 

I 

10.45 
i1,25 
12,59 
14.88 
17,B 
19.00 

11,5 
i i  ,60 
11,W 
i i  ,21 
12.56 
12,72 

Note: Commas represent decimal points. 



2;45 1,145 1.82 1.02 
3.02 1.2 2.30 1.07 
,3,58 1,26 2.83 1,12 

4.69 1,4 3.95 1,23 
5,22 1.48 4,50 1.29 
5.73 1.57 4.95 1,36 
6.24 1;66 5,48 1,43 
6.73 1,76 5.91 1,51 
7.14 1.87 6.30 1.59 
7.50 1.98 6.70 1,68 

8.20 2,24 7.42 1.86 
8.58 2.37 7.80 1.96 

4.15 1,33 3,40 1.17 

7,85 2,11 7.15 1,77 

'1,77 
2.14 

1237 
3,03 
3.46 
3.92 
4.38 
4 s  
5.25 
5.67 
6.05 
6.46 
6.84 
7.19 

- 
1 
1 ,11 

' 1,16 
1 ,21 
1.26 
1 ,31 
1 ,37 
1,43 
1.49 
1,56 
1.63 
1 ,70 
1,78 

I - 
1.59 
1.91 
2,27 
2.66 
3.10 
3 , s  
3,89 
4.28 
4,68 
5,08 
5.45 
5,81 
6,16 

- -  I 
1,04 1.h 
1,08 1.57 
1.12 1,91 
1.15 2,26 
1.20 2.61 
1,24 2.95 
1,29 3.31 
1.33 3.68 
1.38 4.05 
1,43 4.41 
1,40 4.76 
1,55 5.09 
1.62 5.43 

- 
I i.01 

1.04 
1 ,08 
1 , t l  
1.15 
1 .19 
1 ,22 
1.26 
1.30 
1 ,35 
1 3 
1 .@ 
1,49 

- 
1.11 
1,s 
I ,61 
1 
2.i9 
2.49 
2.82 
3.16 

3,81 
3.49 

4,14 
4,47 
4,79 

TABLE 11. CARBON DIOXIDE. VERSION 11 

2.3909 K 

1 ,75 
2,04 
2,35 
2.69 
3.00 
3.33 
3,G5 
3.95 
4.25 
4,55 
4.83 - - 
d - - 
- - - - - 

Note: Commas represent decimal points. 
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APPENDIX 3 

/173 - EQUILIBRIUM THERMODYNAMIC FUNCTIONS OF CARBON DIOXIDE 
I N  THE TEMPERATURE RANGE OF 1100-4500°K 

AT PRESSLIRES OF 0.1-13 ATM 

The thermodynamic variables and the carbon-dioxide composition were cal- 
culated by a method suggested in [281, 2821. It is assumed that the following 
reactions take place in carbon dioxide heated to 1000-4000% 

co, Z C  +-2 0, 
co=c+o, 
0 , ~ 2 0 .  

The thermodynamic equations for the system of gases a r e  written a s  

xco, + x c o  + xo, + x c  + x o  = I, 

where X a r e  the mole fractions of the components , and K are  the equilibrium 
constants of the respective reactions. eq 

This system makes it possible to determine the gas composition a s  a function 
of temperature and pressure if K 
gas it is possible to find its specific enthalpy and the molecular weight p. 

a re  known. Knowing the composition of the 
eq 

where H is the molar enthalpy of the components and pn is the molecular weight n 
of the c omponept s . 

200° for pressures of 0.1, 0.5, 1, 2, 3, 5, 7, 9, 11 and 13 atm. Tables 13-19 
present the values of h, p, Xco2, Xco, X , X and Xc. 

Calculations were performed at  temperatures of 1100-4500°K in steps of 

0 2  O 
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The molar fractions of the gas components are presented in the normalized 
form. 

I 1 I I I I m u  zouu zm? 3uuu 3500 WDD <OK 

Figure 83. 

The curve of h(T) is shown in Fig. 83. The enthalpy of C 0 2  under initial 
conditions (To = 293.16OK) was 43.485 cal/gram. The composition and thermo- 

dynamic properties of CO were calculated on the basis of thermodynamic func- 
tions of i ts  components taken from [ 1181. 

2 

The levels a t  which the components enthalpies were measured, as well a s  
the degrees of dissociation of the principal reactions a r e  shown below 

Component Con co Oa G O  C 
1 

Reaction -col+co+-p2~o --co+c+ -oaf -C2+ 58986 263551 

Energy dis- 
+oc'o + 20c'o + X Z O  

sociation at 
OOK, cal/mole 66 767 255 790 117 973 143 170 
HT, cal/mole 0 66767 0 - 

Comparison of our data with those of [2831, where a larger  number of possible 
reactions was taken into account,, with enthalpies for temperatures in steps of 
1000°K shows than other gases except for  C02, CO, O2 and 0 are present in 
minute quantities and can be disregarded . 

The data of [2831 a re  denoted in Fig. 83 by open circles. The disagreement 
does not exceed 1%. 
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,APPENDIX 4 

CALCULATING THE STATE O F  THE GAS BEHIhm AN 

OF A SHOCK ATTACHED TO A WEDGE 
ATTACHED WAVE Ai" THE ANGLE O F  INCLINATION 

The angle of inclination (cs of a wave attached to a wedge, of pressure p5 

and temperature T behind the wave (the notation here is that of Fig. 43) were  cal- 
culated as a function of the wedge angle €I5 = 0 - 45". The data thus obtained are 
presented in Tables 20-23. 
incident upon the wedge: uo = 1.0, 1.3, 1.6, 1.9, 2.2, 2.5 and 2.8 km/sec; po 

and To are the temperature and pressure behind the incident shock wave. 

The last line of each column contains 'limiting" values of variables of 
s ta tes  corresponding to such flow conditions when the attached shock becomes 
detached. 

5 

They correspond to the following velocities of a wave 

TABLE 20. CARBON DIOXIDE. VERSION T 

0i 

- 
0" 
5 03 

io  00 
15 03 
20 00 
25 00 
3000 
35 00 
43 00 
41 30 
4 4 0  

I I 
20'55'0,995 1770 20'06' 1,22 210C 
24 36 1,31 1833 23 OG 1,63 2120 
28 12 1,72 is90 26 48 2,16 2150 
32 24 2,26 1970 31 00 2,8F 2230 
37 06 2,86 2050 35 18 3,63 2270 
42 12 3 , 6 )  2120 40 18 4,53 2340 
47 35 4,38 2210 45 36 5,60 24%) 
54 12 5,26 2285 51 35 6,72 2490 
58 24 6.43 2370 56 3G 7,94 257U 
41 48 7.10 2433 
- I 70 9,7 2683 

1 7 " s '  1,76 2385 
21 24 2,50 2450 
2.5 00 3,34 2520 
28 48 4,32 2590 
33 24 5,60 2660 
38 00 7,04 2720 
43 00 8,63 2600 
48 48 10,5 2881 
52 24 12,45 2970 

I I 16%' 2.22 2 j2,) 
'2'3 06 3,122683 

27 36 5,72 2633 

37 00 9,412300 

23 48 4,22 2753 

32 12 7,4J2910 

41 48 1 I ,65'3070 
47 24 L4,2 3153 

Note: Commas represent decimal points. 
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TABLE 21. CARBON DIOXIDE. VERSION II 

e5 

- 
0"" 

i o  00 
15 00 
20 00 
2.500 
3000 
35 00 
40 00 
38 36 
39 24 
4054 

-5  00 

- 

21 "24 
23 03 
28 36 
33 03 
37 48 
43 12 
49 06 
55 30 

0,71 1390 
0,98 1420 
1.24 1450 
1,54 148) 

2,36 1610 
2,86 1690 

1,w i540 

3 , s  1790 

25"OO 
29 00 
33 00 
3 i  42 
42 48 
48 30 
55 48 

69 00 

0,98 
1,30 
1,72 
2,24 
2,86 
3,55 
4,36 
5,35 

6,85 

1780 
I850 
1930 
2025 
2120 
2210 
2320 
2470 

2660 

20 '30 
24 06 
27 43 
31 48 
36 24 
41 36 
47 00 
53 33 
63 12 

I I I I I 16700 

1.33 2220 
1 , f x  2333 
2,41 213) 
3,14 2535 
4,OO 2643 
5,05 277) 
6,20 2910 
7,44 3080 
9.20 3295 

I 

19'48 
23 06 
27 00 
31 12 
35 48 
41 00 
46 18 
52 48 
61 00 

I ,72 27:Y~ 
3,37 2859 
3,211 2080 
4,20 I ~3123 

5,40 h275 
6,80 31.30 
8.33 3620 
10,l 3830 
12,3 KO80 

TABLE 22. C A B O N  DIOXIDE. VERSION IT 

0"OO' 22'48' 
5 00 26 24 

10 00 30 12 
15 00 34 12 
2000 38448 
25 00 41 12 
30 00 53 36 
35 00 58 48 
37 18 68 00 
38 06 

0,99 
I,% 
1,72 
2,211 
2.76 
3,47 
4.30 
5,26 
6.10 

1g@) 22"OO' 
1990 25 12 
21183 29 00 
2170 33 15 
2260 38 a, 
3380 43 I3 
2-500 49 24 
2680 57 00 
2840 

67 13 

1,34 
1 , 8 )  
2,36 
3.00 
3,82 
4,84 
6.W 
7-28 

8.80 - 

2390 
2490 
2610 
2740 
2830 

' 3215 
3445 

36SJ - I I 

Note: Commas represent decimal points. 



TABLE 23. NITROGEN. VERSION II /184 

1 100 43"24' 0,64 1520 
0,57 1240 51 24 0,84 1640 

19 00 65 00 1,20 1820 

TABLE 23 (cont'd) 

-~ 

1O"Oo' 41%6'1 0,9G 2010 38'48 1,29 
15 00 47 351 1,23 2140 44 24 1,62 
20 00 56 301 1,56 23@0 51 48 2 , 1  
23 00 
19 00 
22 12 65 30 1,s 2420 65 45 2 ; 9 3  
24 36 
25 35 

- 
' 5 .  "K - 
2550 
27213 
2900 

3183 

2810°K: 1.025 atm 

37"48 
43 36 
50 18 
60 43 

66 00 

pj, atm I T5,  'K 

1,76 3140 

2 ,78  358'3 
3,651 3933 

2,22  3350 

3,85 4010 

Note: Commas represent decimal points. 
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TABLE 26. CARBON DIOXIDE. VERSION IT' 

40 
45 
50 
55 
60 
65 

50 
55 
60 
65 

-8034, 
-10 59 
-12 18 
-f2 15 
-10 00 
-4 30 

u0=2 
--13 03 
--12 42 
-io 42 
-5 06 

92 "2.5' 
93 17 
94 18 
95 35 
97 09 
99 13 

2220 
2125 
2055 
2010 
1975 
1950 

2,95' 21'42' 2,40 
2,€8 28 30 1,95 
2,47 32 55 1,67 
2,31 35 25 f,45 
2 , lS  43 27 1,s) 
2,Oi  4 i  52 1 , l i  

'km/sec, Tx=2390°K, p=!,33 atm 
94 12 2390 2,83 33 43 2.25 
95 21 2530 2,67 35 50 1.97 
96 47 2400 2,52 43 40 1.75 
96 55 E450 2,49 48 35 l,55 

3970 
3340 
2900 
2590 
2360 
21iO 

3760 
3353 
3110 
2770 

uo=2,5km/sec, 11;=2965°h, ~ = i , 7 2  atm 
60 1-11 10 I 96 42 1 3090 I 2,87 14'I 231 2,23  i 57tiO 
65 -6 05 98 43 3030 2,73 49 It; 2,05 3140 
- 

TABLE 27. NITROGEN. VERSION IT 

uo=l ,3 km/sec, T1=103O0Kt p1=0,275 atm 
30 9"53' 90'34' 1560 3OOO 1,13 2,60 
35 8 28 91 31 1415 2380 . 0,85 2,26 
95 8 14 94 13 1230 1707 0,55 1,83 
50 10 12 95 30 1190 1500 0,465 1,69 
55 14 12 97 45 1142 1344 0,405 0,57 
60 24 12 100 54 1110 1230 0,36 1,48 
65 44 56 108 55 1050 1100 0.30 1,36 

uo=1,6 km/sec;T~=1400"K, p1=0,426 atm 
30 7 04 90 55 2110 4240 1.70 3,20 
35 5 06 91 53 1910 3360 1,30 2,79 
40 4 02 93 02 1745 2790 1.03 2,48 
45 3 94 23 1630 2360 0,84 2,26 
50 4 36 95 51 1560 2080 0,71 2,08 
55 7 08 97 56 1495 1850 0,61 1,93 
60 13 40 100 26 1460 1683 0,54 1,82 

' 

Note: Commas represent decimal points. 



TABLE 27 (cont'd) 

Up=f ,!J k d s e c ,  T~=isOO"K, m=O, 59 atm 

35 2 23 92 02 2390 4500 1,82 3,31 
40 i 34 93 03 2240 3683 1,445 2,95 
45 124 94 15 2135 3140 1,20 2.68 
50 2 07 95 53 2035 2749 1.01 2,47 
55 4 20 95 43 1965 2440 0.87 2,30 
6C 7 12 100 10 1900 2220 0,77 2,16 
65 17 18 103 33 2835 2020 0,685 2,04 

u0=2,2km/sec, T1=227O0K, pl=O,&O atm 

40 -0,12 93,07 2830 4720 I i,94 3,42 
45 -0 36 94 15 2683 4083 1,60 3,10 
50 0 00 95 39 2580 3500 2,14 2,86 
55 2 12 97 17 2440 3120 1,i8 2,66 
€0 6 46 99 39 2380 2800 1,04 2,50 

uo=2,5.$O'm/sec, T1=281O0K, pl=l ,025 atm 

Note: Commas represent decimal points. 
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